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FOREWORD 
This is  a technica l  r epor t  of a t h e o r e t i c a l  and experimental 
study conducted by the  Electrical Engineering Department of Auburn 
University under the  auspices of the  Auburn Universi ty  Engineering 
Experiment S ta t ion  toward the fu l f i l lmen t  of t he  requirements prescr ibed 
i n  NASA Contract NAS8-20154. This work i s  a cont inuat ion of t h a t  
described i n  NASA Technical Report No. 9,  Contract NAS8-5231, and 
this  r epor t  includes some pe r t inen t  text material from t h a t  r epor t  
(No. 9 ,  NAS8-5231) for c l a r i t y .  
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ABSTRACT 
An engineering design of a unique transponder system f o r  t he  phase 
measurement of VLF s igna l s  is developed and evaluated. 
measurement over a two-way path,  which i s  performed by the  system, 
i s  independent of the  inc iden ta l  phase e r r o r s  of the  associated 
transmission equipment and i s  a r e s u l t  of phase-coherent system design. 
Hence, the  ac tua l  measured phase changes, which are t w i c e  t he  one- 
way phase change, are a funct ion only of the propagation medium. 
The phase 
The system design reviews the  bas i c  fundamentals of t h e  propaga- 
t i o n  of electromagnetic energy wi th in  the  earth-ionospheric cavi ty  
f o r  sho r t  dis tances .  The required power and the  signal-to-noise 
r a t i o  f o r  t he  proposed propagation system are invest igated.  The design 
techniques associated with VLF receiving and t ransmi t t ing  antennas 
are discussed and analyzed i n  regard t o  (1) the  s t a t i c  antenna capaci- 
tance, (2)  t he  e f f e c t i v e  height ,  (3) the  r ad ia t ion  r e s i s t ance ,  ( 4 )  t he  
ground system, (5) the  rad ia ted  f i e l d  s t rength ,  and (6) t he  antenna 
p a t t e r 0  f ac to r .  
over-all  propagation i n  t h i s  region i s  a l s o  explored. 
design of t he  system, which m e e t s  t he  requirements f o r  the  phase 
s t a b i l i t y  measurements, i s  presented. 
The e f f e c t  of a f i n i t e  ground conduct ivi ty  on the  
An engineering 
An antenna design technique f o r  obtaining increased s ta t ic  
antenna capacitance of an umbrella antenna wi th  neg l ig ib l e  decrease 
iii 
in effective height is presented. 
multiple-wire construction which effectively increases the surface 
area of the antenna rib and, thereby, the total antenna capacitance. 
Scale model studies with various rib diameters from 1/2 in to 9 in 
for a 12-rib umbrella antenna indicates that a 20 percent increase 
in capacitance can be obtained for rib diameter ratios of 18:l. Two 
full scale antenna structures, which have 12 ribs of 9 in diameters 
and are 300 ft in height, have been constructed using this technique, 
and a 24 percent increase in capacitance was obtained as compared 
to the theoretical value of a similar antenna with a 1/2 in rib 
This antenna design employs a 
diameter 
The system construction, which consisted basically of two 
300 ft umbrella antennas and their associated equipment, is 
described. The over-all experimental system performance is compared 
to the engineering design data. The measured and theoretical values 
of the radiated field strengths compared favorably for one propaga- 
tion path. However, the other path exhibited a somewhat lower 
propagation efficiency as a result of lower ground conductivity in 
the area surrounding the transmitting station. The diurnal phase 
change for the propagation path was measured and predicted t o  be of 
the order of 1 psec at the operating frequency. The accuracy of 
the phase measurement was found to be 1 part in 190. 
In addition, a computer-aided technique for SNR measurement 
employing a time interval counter is presented. This technique 
iv 
y i e l d s  a measure of t h e  period of t he  signal-plus-noise i n  a d i g i t a l  
form. This d i g i t a l  da ta  can be recorded along with the  phase s t a b i l i t y  
da ta  on magnetic tape, and the  SNR can be monitored almost continuously 
t o  ind ica t e  phase measurement accuracy. 
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A PHASE STABILITY STUDY SYSTEM 'FOR VLF 
PROPAGATION OVER SHORT DISTANCES 
C. E. Smith and E. R. Graf 
I. INTRODUCTION 
The exact pred ic t ion  of t he  propagation c h a r a c t e r i s t i c s  of e lec t ro-  
magnetic f i e l d s  i n  the  earth-ionosphere cav i ty  is  v i r t u a l l y  impossible. 
The problem i s  extremely complex and i t  has been invest igated by many 
engineers and phys ic i s t s .  These inves t iga t ions  have contr ibuted much 
to  our knowledge of the  problem, and t h e i r  r e s u l t s  have made poss ib le  
r e l i a b l e  pred ic t ions  of the  propagation constants  of t h i s  medium i n  
many cases. The main f a c t o r s  which inf luence the  complexity of the 
problem are the  boundaries of t he  propagation medium. These ac tua l  
or  apparent boundary sur faces  of the  ionosphere and e a r t h  are ne i the r  
w e l l  defined nor homogeneous wi th  respect  t o  inherent  e lectr ical  
proper t ies .  The ionosphere i s ,  of course, the  s t ra tum ly ing  between 
40 t o  50 km and seve ra l  ea r th  r a d i i .  I n  t h i s  region, f r e e  e lec t rons  exist  
i n  s u f f i c i e n t  q u a n t i t i e s  t o  a f f e c t  t he  propagation of r ad io  waves. 
The region i s  a l s o  divided i n t o  l aye r s  of d i f f e r e n t  e l ec t ron  d i s t r i b u t i o n s ,  
and these  d i s t r i b u t i o n s  vary cont inual ly  as a r e s u l t  of t he  ionizing 
energy and high-energy p a r t i c l e s  received from the  sun. 
e f f e c t s  are then c l e a r l y  r e l a t ed  t o  the  e a r t h ' s  d a i l y  and seasonal 
r o t a t i o n s ,  t he  well-known sunspot cycle ,  s o l a r  f l a r e s ,  sudden ionospheric 
dis turbances (SID), and even planetary dynamics through i ts  casua l  e f f e c t  
These ion iz ing  
on the  sunspot cycles.' 
c l e a r l y  defined because of the  abrupt  change i n  dens i ty  of the  earth- 
The boundary of t he  e a r t h ' s  sur face  is more 
1 
2 
atmosphere boundary. However, the land masses 
surface,  and both the e l e c t r i c a l  conductivity 
do not  present  a uniform 
and d i e l e c t r i c  constant 
vary tremendously because of the wide d i s t r i b u t i o n  of d i f f e r e n t  minerals 
within the earth 'k c r u s t ,  and, t o  some exten t ,  because of the ground 
water level and other  tropospheric e f f e c t s .  I n  addi t ion,  the  e a r t h  
boundary can include a mixed path propagation (land and sea) which 
can influence propagation cha rac t e r i s t i c s .  The ionosphere boundary 
l aye r ,  l ikewise,  exh ib i t s  some degree of roughness and s t r a t i f i c a t i o n ,  
and, thus,  cannot always be considered a smooth r e f l e c t i n g  surface.  
It has been found t h a t  high frequency (3-30 MHz) propagation i n  
the earth-ionospheric cavi ty  i s  character ized by: 
(1) u n r e l i a b i l i t y  during ionospheric disturbances , and 
(2) f a i r l y  rapid and deep fading, both of which are very 
undesirable . 2 
These disadvantages a r e  a d i r e c t  r e s u l t  of the propagation environment. 
The only major advantage of the high frequency transmission i s  the 
r e l a t i v e  s impl ic i ty  and smaller f i nanc ia l  investment f o r  the basic  
terminal equipment. The adverse proper t ies  can be minimized by operating 
a t  lower frequencies where the propagation c h a r a c t e r i s t i c s  become 
more s t ab le .  This lowering of the operat ional  frequency w i l l  eventual ly  
lead t o  the curtai lment  of the use of high information rates i n  the 
network because of the l imi ted  usable bandwidth. A s  a d i r e c t  conse- 
quence of t h i s  r e l a t i v e  increase i n  propagation s t a b i l i t y ,  the 
3 
i n t e r e s t  i n  the very-low-frequency (VLF) spectrum (3  t o  30 KHz) has 
increased s t e a d i l y  during the pas t  two decades. The s t a b i l i t y  obtained 
i n  voice communications a t  VLF frequencies has been known from the 
advent of radio,  and as a r e s u l t  VLF transmission has been used by 
the Navy f o r  long-range communications t o  ships  a t  sea s ince  about 
the turn  of the century.  The increased i n t e r e s t  i s  a r e s u l t  of the 
discovery t h a t  the s t a b i l i t y  of VLF propagation Over long paths (grea te r  
than 1 O O O k m )  approaches t h a t  required f o r  precise  navigation and 
dissemination of world-wide time and frequency standards.  This increased 
s t a b i l i t y  f o r  long propagation paths i s  a r e s u l t  of a waveguide mode 
of operation which occurs as  the he ight  of the earth-ionosphere cavi ty  
approaches dis tances  comparable t o  the wavelength of the operating 
frequency, and thence the roughness of the boundries become a smaller 
port ion of a wavelength. I f  a phase comparison of two s t a b l e  s igna l  
sources i s  made over such a long path,  a regular  d iu rna l  change i n  
phase i s  obtained. This change, on an east-west path,  commences Some 
ha l f  hour before sunr i se  a t  the eas t e rn  terminus a s  the e lec t ron  densi ty  
i n  the ionosphere increases when more and more energy i s  absorbed from 
the r i s i n g  sun. The phase change continues smoothly u n t i l  j u s t  before 
sunr i se  a t  the western terminus, and remains constant u n t i l  about 
sunset a t  the eas t e rn  terminus, and, then, i t  changes smoothly u n t i l  
the  nighttime condition is  obtained. These d iurna l  va r i a t ions  a re  
qu i t e  regular  f o r  long paths and a re  the major phase v a r i a t i o n  obtained. 
By using t h i s  r e l a t i v e l y  s t ab le  mode of operation, frequency determina- 
t ions  of b e t t e r  than 1 x have been made over sho r t  periods of 
time over such long paths .4  Also, as a d i r e c t  consequence of the 
I 
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apparent propagation s t a b i l i t y ,  several VLF navigat ional  systems have 
been invest iagated,  and a dual-frequency system, Rad~x-Omega,~ is  being 
tes ted  and implemented. 
However, VLF propagation a t  sho r t  dis tances  i s  not  necessar i ly  
as s table ,and i t  i s  much more sens i t i ve  t o  causal  phenomena simply 
because of the geometry of the problem. The propagation of VLF s igna ls  
a t  d i s tances  less than 400 km can be described i n  terms of the summation 
of a ground wave and s ing le  o r  mul t ip le  r e f l ec t ions  from the ionosphere. 
The s t a b i l i t y  of such a transmitted s igna l  of a one-way path i s  dependent 
upon the propagation medium, the atmospheric noise ,  and the measuring 
equipment. The major source of phase e r r o r  i n  the interconnecting 
transmission and receiving system employed i n  the measurement i s  the 
t ransmit t ing antenna. I n  la rge  antenna s t ruc tu res  there  a r e  slow 
va r i a t ions  caused by changes i n  t ransmi t te r  impedance, which a re  i n  
turn caused by hea t  d i s s ipa t ion  i n  tuning c o i l s  and shor t  time va r i a t ions  
r e su l t i ng  from wind-loading and r e l a t ed  e f f e c t s . 6  The degree of accuracy 
of the phase comparison measurement of t h i s  one-way transmission path 
i s  thus inherent ly  l imited by any one o r  a combination of the influencing 
fac tors  described above; t h a t  i s ,  i f  the phase of a VLF s igna l  received 
from a h igh - s t ab i l i t y  source is  compared with a s igna l  received from 
another h igh - s t ab i l i t y  s igna l  source, then the  v a r i a t i o n  o r  change 
i n  the measured phase i s  in te rpre ted  as a change of e l e c t r i c a l  dis tance 
or  phase d i f fe rence  between t ransmi t te r  and rece iver .  This t o t a l  phase 
v a r i a t i o n  can be a t t r i b u t e d  t o  the phase va r i a t ions  i n  frequency s tan-  
dards ,  associated interconnecting transmission and receiving equipment, 
propagation medium, noise,  antennas, o r  a combination of these 
5 
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phenomena. Numerous invest igat ions,  have been made i n  order t o  
charac te r ize  the propagation c h a r a c t e r i s t i c s  of the region i n  which 
the ionosphere a f f e c t s  VLF propagation. One-way phase-comparison 
measurement does not  allow f o r  the determination of absolute  phase- 
change between the  two poin ts  unless  an independent Pink between the 
poin ts  having a known and s t ab le  phase s h i f t  i s  es tab l i shed .  The ground 
wave s igna l ,  which i s  r e l a t i v e l y  s t a b l e ,  has been u t i l i z e d  as the one- 
way-path receiving s t a t i o n  phase reference a t  dis tances  up t o  severa l  
hundred kilometers i n  order t o  determine VLF ionospheric propagation 
c h a r a c t e r i s t i c s  on an absolute  basis .  Commercial telephone c i r c u i t s  
have a l s o  been employed t o  t ransmit  reference s igna l s  t o  receiving 
10 
s t a t i o n s  i n  order t o  obtain s i m i l a r  information, 11 
The purpose of t h i s  study i s  t o  develop a system f o r  studying the 
absolute  phase s t a b i l i t y  of propagated VLF s igna l s ,  and which w i l l  
e l iminate  e r r o r s  caused by the antenna and frequency standards o r  the 
references of the system. The proposed system i s  a two-way transmission 
system, in  which a s igna l  a t  frequency f l  i s  transmitted t o  the transpon- 
der  s t a t i o n ,  where i t  i s  then re- t ransmit ted a t  a phase-coherent frequen- 
cy f 2  s l i g h t l y  o f f s e t  from f 
s t a t i o n ,  and, a f t e r  being phase-coherent frequency o f f s e t ,  i t  i s  com- 
pared with the transmitted frequency f a s  shown i n  Figure 1. Thus, 
the problem of es tab l i sh ing  an independent l i n k  of known phase s h i f t  
i s  by-passed, and the t o t a l  phase change over the path may be d i r e c t l y  
a t t r i b u t e d  t o  the propagation medium. The phase va r i a t ion  i s  e s s e n t i a l l y  
twice as la rge  s ince  the transmitted s igna l  has traversed the path 
i n  both d i r ec t ions .  
Frequency f i s  received a t  the reference 1' 2 
1, 
The da ta  obtained from the experiments 
6 
COMPARATOR 0 di f fe rence  
TRANSMITTER 
+ SYNTHESIZER 
RECEIVER TRANSMITTER 
Fig.  1.--System block diagram f o r  the proposed VLF phase s t a b i l i t y  study. 
7 
utilizing this system are to be used to furnish information about 
phase and amplitude stabilities at very-low-frequencies resulting 
from variations in the propagation medium and the associated transmission 
system. It is expected that the data will be useful in determining 
predictable measures for the short and long term phase stability of 
the propagation medium, and these measures can be utilized for precise 
phase comparison measurements over small distances. 
t 
11. SYSTEM DESCRIPTION 
- a "  
c l  
4 
. ., 
* .P 
a 
f F 
The proposed phase-s tab i l i ty  measurement system has been es tab l i shed  
over an approximate range of 300 km, between a cont ro l  s t a t i o n  and a 
transponder s t a t i o n .  This dis tance w a s  selected t o  insure t h a t  the 
geometry of the propagation path would be intermediate with regard t o  
the long-range (1000 km) condi t ion and the nea r -ve r t i ca l  incidence 
condition a t  the desired operating frequency. The ac tua l  propagation 
path employed i s  200 a i r  miles ,  and i t  runs between Auburn-Gold H i l l ,  
Alabama, and Fairhope, Alabama, a s  shown i n  Figure 2. The average 
e l e c t r i c a l  conductivity of t h i s  path increases monotornically by a 
f ac to r  of two12 proceeding from the northern t o  the southern terminus 
of the system, which i s  approximately one mile fromMobile Bay. The 
intervening t e r r a i n  i s  character ized by r o l l i n g  h i l l s  gradually sloping 
towards the South. It i s  in t e re s t ing  t o  note t h a t  the e leva t ion  of 
the t ransmit t ing s i t e s  changes from 105 f e e t  on the coast  t o  715 f e e t  
a t  the inland s t a t i o n .  The path i s  approximately Southwest from the 
Auburn area.  The coordinates of the Gold H i l l  t ransmit t ing s t a t i o n  
a re  32°41'58'9N l a t i t u d e  and 85°29'48'%1 longitude , and those of the 
Fairhope Sta t ion  a r e  3Oo13'14''N l a t i t u d e  and 87'32'34"W longitude. 13 
Phase measurements w i l l  be made Over t h i s  two-way path by 
(1) transmission of a continuous wave (CW) s igna l  t o  the transponder 
s t a t i o n  a t  Fairhope from the t ransmit t ing s t a t i o n  a t  Gold H i l l ,  
(2 )  synthesis  of a phase-coherent CW s igna l  frequency-offset from the 
8 
I g 
9 
i 
1 
Fig. 2.--Geographical location of the propagation path for 
the phase stability measurements. 
10 
Gold H i l l  s i gna l ,  (3) transmission of t h i s  phase-coherent s igna l  t o  a 
cont ro l  s t a t i o n  a t  Auburn,and (4) comparison of t h i s  received s igna l  
with a s igna l  synthesized from a reference s igna l  obtained a t  the 
cont ro l  s t a t i o n .  
was presented previously i n  Figure 1. 
i n  t h i s  f igure  does not  automatically cancel or  co r rec t  equipment- 
induced phase e r r o r s .  Careful cont ro l  of the terminal operation 
functions i s  required t o  e l imina te  i n t e r n a l  phase v a r i a t i o n s ,  and, 
thus,  t o  insure t h a t  the phase data  i s  not  contaminated by spurious 
information which may a l s o  be r e l a t ed  t o  the same independent var iab les  
as  the propagation medium. 
A simple block diagram of t h i s  measurement system 
The measurement technique presented 
The f i r s t  s t e p  taken t o  insure t h a t  these e r r o r s  were eliminated 
was the use of separate  t ransmit t ing and receiving s t a t i o n s  a t  the 
or ig ina t ing  terminus of the s igna l  network. By  separat ing the two 
s t a t i o n s  approximately seven miles  along the propagation path (the 
receiving s t a t i o n  is located very near ly  on the path between the 
two t ransmit t ing s t a t i o n s ) ,  the transmitted s igna l  can be sampled as  
i t  i s  propagated toward the transponder s t a t i o n  and then employed a s  
a phase reference f o r  comparison measurements a t  the cont ro l  (or 
receiving) s t a t i o n  located a t  Auburn. 
This technique w i l l  e f f ec t ive ly  cancel the phase va r i a t ions  
introduced by the transmitted s igna l  i n  the overa l l  phase measurement 
because the a c t u a l  propagated s igna l ,  which contains the phase v a r i a t i o n s ,  
i s  used a s  a standard or  reference f o r  the measurement. These phase 
va r i a t ions  a r e ,  of course, caused by physical  va r i a t ions  of the antenna 
and i t s  environment, and by e f f e c t s  of the complete t ransmi t te r .  In  
1 
i 
I 
L 
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a l l  other  sec t ions  of the cont ro l  and transponder s t a t i o n s ,  phase- 
lock loops (feed-back cont ro l  systems which maintain phase input- 
output r e l a t ions )  a r e  used t o  maintain phase-coherent operation, and, 
thereby, phase-stable operation of the system. An in - l ine  phase 
cont ro l  loop i s  employed which a l s o  includes the t ransmit t ing antenna 
a t  the transponder s t a t i o n .  The phase of the  transmitted s igna l  from 
the transponder i s  sampled, and any va r i a t ions  i n  the phase of the 
propagated s igna l  caused by antenna changes a r e  cancelled i n  a manner 
which maintains coherenence between input and output s igna l  phase. 
A complete block diagram of the phase measurement system i s  
presented i n  Figure 3 .  The basic  building blocks of t h i s  instrumen- 
t a t i o n  a re  the four conventional VLF receivers .  These receivers  a c t  
as  ac t ive  f i l t e r s ,  which have extremely narrow e f fec t ive  bandwidths, s o  
tha t  s igna ls  having very poor signal-to-noise r a t i o s  (SNR) can be 
detected.  These receivers  a r e  double conversion systems, which use 
loca l  o s c i l l a t o r  frequencies synthesized from a reference source,  
f o r  recept ion Over a wide frequency range i n  a phase-locked mode. 
The phase comparison performed by the receiver  i s  based upon a com- 
parison between the t o t a l  argument of the s inusoida l  input and reference 
s igna ls .  Since the frequencies of both sources w i l l  always be s l i g h t l y  
d i f f e r e n t ,  the receiver  cont inual ly  compensates f o r  t h i s  d i f fe rence  
(which i s  sensed as a phase e r ro r )  a s  wel l  as f o r  any phase changes. The 
main functions provided by these instruments a re  t o  supply a noise-  
f r ee  output s igna l  which is  phase-coherent with the input or  received 
s igna l ,  and t o  supply a record of the t o t a l  accumulated phase difference 
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13 
between the input and reference s igna ls .  The phase s t a b i l i t y  and 
response of these u n i t s  determine the ul t imate  l i m i t  of system accuracy. 
A phase-lock rece iver  i s  not  required a t  the or ig ina t ing  t ransmi t te r  
s t a t i o n ,  which is  composed of a frequency standard,* a frequency 
synthesizer ,  a power ampl i f ie r ,  a tuning c o i l ,  and an antenna. The 
cont ro l  s t a t i o n  employs one rece iver  t o  sample and e s t a b l i s h  the phase 
reference from the s igna l  transmitted t o  the transponder. This reference 
s igna l  is used a s  a reference f o r  another receiver t o  perform a phase 
comparison, which i s  r e l a t ed  t o  the two-way phase measurement. 
The transponder, which includes standard t ransmit t ing equipment, 
employs one receiver t o  e s t a b l i s h  a noise-free s igna l ,  which is  phase- 
coherent with the s igna l  transmitted t o  the transponder. This s igna l  
is  used t o  synthesize a phase-coherent s igna l ,  which is  o f f s e t  1 KJ3z from 
the received s igna l .  This p a r t i c u l a r  frequency separat ion w a s  se lec ted  
t o  e l iminate  d ispers ive  e f f e c t s  i n  the propagation medium, and t o  
minimize receive-transmit in te r fe rence  a t  the transponder. Another 
rece iver  i n  a modified form i s  employed t o  form a closed phase loop 
around the antenna s t ruc tu re  s o  t h a t  the coherence between the received 
and a c t u a l  propagated s igna l  from the transponder can be maintained, as 
a l s o  shown i n  Figure 3 .  Thus, a s igna l  i s  t ransmit ted t o  the transponder, 
where i t  is  frequency-offset i n  a phase-coherent mode, and then it is  
re- t ransmit ted t o  the cont ro l  s t a t ion .  A t  the cont ro l  s t a t i o n ,  t h i s  
*The s t a b i l i t y  required depends on the e f f e c t i v e  system bandwidth 
and response t i m e .  
14 
s i g n a l  is compared with the reference,  which w a s  sampled from the "down- 
going" s igna l .  The phase measurement obtained is independent of the 
instrumentation, which i s  no t  the case i n  a one-way phase comparison 
system, and, thus,  it indica tes  the t o t a l  two-way o r  composite phase- 
s h i f t  introduced by the propagation medium. 
A l l  modern VLF phase t racking rece ivers  are equipped with a 
f a c i l i t y  f o r  securing amplitude v a r i a t i o n  data .  
be simultaneously recorded and compared f o r  the separate  one-way 
propagation paths .  This information ind ica tes  the magnitude of the 
amplitude s t a b i l i t y ,  and a l s o  gives  a measure of the d i f fe rence ,  i f  
any, im the amplitude s t a b i l i t i e s  i n  the two propagation paths.  
Amplitude da ta  can 
13 addi t ion ,  the phase v a r i a t i o n s  introduced by the transponder 
t ransmit t ing antenna can be obtained from a record of the phase e r r o r  
i n  the- in - l ine  phase-lock loop (modified rece iver ) .  
measuLe of the phase e r r o r  introduced by the t ransmit t ing antenna 
u t i l i z e d  i n  t h i s  phase comparison system. 
These da ta  Yield a 
The frequency of operat ion of the Gold H i l l  t ransmit t ing S ta t ion  
i s  20.9 KHz, and the Fairhope S ta t ion  operates on 21.9 KHz with 
frequency s t a b i l i t i e s  i n  the range of 1 p a r t  i n  10". Each s t a t i o n  
i s  remote-controlled from the Auburn Control S t a t ion  by means of 
commercial telephone c i r c u i t s ,  and the phase s t a b i l i t y  da ta  w i l l  be 
recorded on magnetic tape i n  d i g i t a l  form t o  f a c i l i t a t e  a computerized 
s t a t i s t i c a l  ana lys i s  of the data .  
111. SYSTEM DESIGN 
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General Concepts 
The propagation of electromagnetic energy a t  the low-frequency (LF) 
and the very-low-frequency (VLF) port ion of the spectrum i n  the ear th-  
ionosphere cavi ty  has been extensively invest igated,  both experimentally 
and theo re t i ca l ly ,  during the pas t  f i f t y  years .  Budden, Wait,” and 
Pierce,  as wel l  as o thers ,  have contributed g rea t ly  t o  the increased 
14 
16 
i n t e r e s t  i n  the propagation problem a t  these frequencies,  and t o  the 
over-al l  so lu t ion  of t h i s  problem i n  the earth-ionospheric cavi ty .  
A v a s t  amount of knowledge has been accumulated from a l l  the many 
s tudies ,  and, a s  a r e s u l t ,  r e l a t i v e l y  accurate  predici tons of VLF 
propagation cha rac t e r i s i t c s  can be obtained. However, the precis ion 
of the predict ions of the ex i s t ing  f i e l d s  i s  l imi ted ,  p r inc ipa l ly  
because of the complex boundary conditions which e x i s t  i n  the propaga- 
t i on  region. Even with the la rge  amounts of experimental and theo re t i -  
c a l  da ta  and the advancement of r e l a t ed  technology, i t  has only been 
during the l a s t  t en  years t ha t  improvements i n  the methods of engineering 
of LF and VLF systems have been made. Belrose, e t  a l . ,  have presented 
17 
one of the f i r s t  de t a i l ed  discussions of the f ac to r s  t ha t  influence 
the design of LF communications systems. Only wi th in  the pas t  severa l  
months has a very de t a i l ed  coverage of VLF system design been ava i lab le  
f o r  general  usage. General design da ta  f o r  s p e c i f i c  VLF systems 
were, of course, ava i lab le  previously.  
18 
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The so lu t ion  t o  the basic propagation problem must s a t i s f y  Maxwell's 
electromagnetic equations within the bounding media. 
so lu t ion  of these equations can not  be obtained for  the ac tua l  media 
because of the complex nature of the physical propert ies  t h a t  a r e  
involved. In  order t o  obtain a reasonable determination of the 
propagation theory of VLF waves i n  t h i s  media, s implif ied models, 
which a re  based on ideal ized boundary conditions,  have been used t o  
obtain ana ly t i ca l  solut ions t o  the r e l a t ed  problem, and the r e s u l t s  
of experimental s tud ies  have been used t o  describe empirically per t inent  
The exact ana ly t i ca l  
propagation cha rac t e r i s t i c s .  
components a re  negl ig ib le ,  there are  three basic modes of propagation: 
(1) ground wave, (2) sky wave, and (3) guided wave. For large d is tances ,  
the t o t a l  f i e l d  can be represented as  the sum of a number of modes i n  
which the energy i s  propagated between p a r a l l e l  boundaries s i m i l i a r  t o  
waveguide p r ~ p a g a t i o n . ~ ~ , ~ ~  For shor t  dis tances  ( l e s s  than 500 km) , 
the t o t a l  f i e l d  ex i s t ing  a t  a remote point  i n  r e l a t i o n  t o  the source 
can be considered as  the sum of the ground wave and of the sky wave. 
Since t h i s  study i s  r e l a t ed  t o  shor t  dis tances ,  geometrical ray 
theory can be employed, 
theory, t o  describe the propagation problem. 
For dis tances  wherein the near f i e l d  
18 
i n  conjunction with ground wave propagation 
The major design considerations a re  involved i n  two f ac to r s  
which influence system behavior. These are: (1) the propagation 
medium (including e f f e c t s  of the ground wave, conduct iv i t ies ,  the 
amplitude of the sky wave as a function of transmission dis tance,  
frequency, time of day, season, amplitude and cha rac t e r i s t i c s  of 
atmospheric no ise) ,  and (2) the antenna system (with spec ia l  
17 
emphasis on e f f i c i ency  and economy).17 
both theo re t i ca l  and experimental, of the  design and development of a 
system which w i l l  perform the functions out l ined i n  the System Description. 
This study i s  an inves t iga t ion ,  
Propagation of VLF Waves Over Short  Distances 
Basic Concepts 
Before the engineering design is  approached, the theory of VLF 
propagation Over shor t  dis tances  w i l l  be reviewed b r i e f ly .  This 
discussion w i l l  be l imited t o  the case where both receiving and 
t ransmi t t ing  antennas a re  located on the  surface of the e a r t h ,  and 
only the ve r t i ca l  component of the propagated e l e c t r i c  f i e l d  w i l l  be 
considered . 
I f  a received s igna l  i s  a t  a d is tance  L measured along the ea r th ' s  g 
surface from the t ransmit t ing source, then it can be thought of as 
comprising contr ibut ions both from the sky waves and the ground wave, 
as shown i n  Figure 4 .  I n  t h i s  s impl i f ied  case,  the generalized form 
of the received s igna l  w i l l  be proport ional  t o  the t o t a l  f i e l d  s t rength ,  
E t  , where 
- 
- 
E = Amplitude of the ground wave, 
g 
and 
- 
= Amplitude of the sky wave ( the- requi red  m ,  the number of E s  ,m 
r e f l e c t i o n s ,  f o r  magnitude determination decreases - r ap id ly  s o  t h a t  a 
good approximation i s  obtained from a f i n i t e  number of the components). 
18 
Figure 4.--Some possible  propagation paths a t  VLF 
frequencies over shor t  dis tances .  
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The phase of Et cont inual ly  changes because there  a re  per iodic  and 
nonperiodic va r i a t ions  generated i n  the  sky wave E 
reasonably constant phase of the ground wave. These va r i a t ions ,  i n  
r e l a t i v e  t o  the s ,my 
, general ,  a r e  a r e s u l t  of ionospheric phenomena. The magnitude of 
the t o t a l  f i e l d  s t rength  i s  a function of the r e f l ec t ion  height ,  the 
r e f l ec t ion  coe f f i c i en t ,  and the phase of the ground wave. This t o t a l  
phase va r i a t ion ,  which i s  independent of equipment-induced phase e r r o r ,  
i s  the major quant i ty  t o  be invest igated by means of the proposed phase 
measurement system. 
The Ground Wave 
The contr ibut ion of the ground wave 12' l8 t o  the received s igna l  
s t rength can be expressed as  
, and 
1 %  I 
Lg 
IFg/ = A 
where is the unattenuated f i e l d  s t rength  a t  one mile from the 
antenna over a f l a t  conducting plane (which is  a d i r e c t  function of 
the rad ia t ing  s t ruc tu re ) ,  A i s  the media a t tenuat ion  f ac to r ,  @I i s  
the antenna current  phase, @A i s  the media phase change, @ i s  the 
f r ee  space propagation constant (2n /ho ) ,  h 
length a t  the operating frequency, and the +3[/2 and - f3Lg a re  two 
phase fac tors  inherent i n  F . 
Norton's 
t o  a simple numerical evaluation fo r  
i s  the free-space wave- 
0 
This expression i s  a r e s u l t  of 
S 
21  
work, which reduces an ex i s t ing  complex f i e l d  so lu t ion  
engineering appl icat ions.  
20 
The a t tenuat ion  f ac to r  i s  a function of the frequency, the po la r i za t ion ,  
the d is tance  with curvature ,  the e f f e c t i v e  e a r t h  conduct ivi ty ,  and 
the d i e l e c t r i c  constant  of the ear th .  It has been shown t h a t  f o r  sho r t  
numerical d i s tances ,  the a t tenuat ion  f ac to r  v a r i e s  almost exponentially 
with d is tance  a s  
- 0 . 4 3 ~  I- 0 . 0 1 ~ ~  , A = €  (3) 
where 
P =  hX 
cos b; numerical d i s tance ,  
-I- 1 
b = tan-’ ( ) ,phase constant ,  
x = CT/CUEa , 
CT = ea r th  conduct ivi ty ,  
gr= r e l a t i v e  permi t t iv i ty ,  
and 
ca= ac tua l  pe rmi t t i v i ty  
fo r  
b < 5 O  and p < 4.5 .  
This theo re t i ca l  so lu t ion  (Equation 2) fo r  the ground wave propa- 
gat ion i s  based upon the assumption t h a t  electromagnetic waves a r e  
propagated on the surface of a homogeneous spher ica l  ea r th  i n  the 
absence of an ionosphere. Thus, the wave propagates on a curved 
surface and the f i e l d  decreases because of: 
r e f r ac t ion  lo s s ,  and absorption a t  the ear th’s  surface due t o  the 
spreading of the energy, 
' 3  
i 
I . *  
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f i n i t e  conduct ivi ty .  l8 
the use of the a c t u a l  ea r th ' s  radius  o r  the four - th i rds  ea r th ' s  
radius  concept t o  account f o r  atmospheric r e f r a c t i o n  of waves a t  
these frequencies.  
t h a t  the four - th i rds  concept is v a l i d  down t o  about 10 kHz. l8 
controversy involves a mul t ip l i ca t ive  f a c t o r  of about 1.7 i n  the f i e l d  
ca lcu la t ions .  The four- thirds  ear th ' s  radius  concept i s  used t o  cal-  
cu la te  the r e s u l t a n t  f i e l d s  i n  t h i s  study. 
There s t i l l  e x i s t s  some disagreement about 
However, J. R. Wait has indicated recent ly  
This 
1 7 , 1 8  
The Sky Wave 
The sky wave f o r  the sho r t  d i s tance  path i s  obtained by r e f l e c t i o n  
from an apparent surface between 60 t o  90 km above the surface of the 
ea r th .  This a c t u a l  ionospheric layer  of r e f l e c t i o n  i s  composed of a 
region of charged p a r t i c l e s  with varying densi ty  grad ien t  about the 
ea r th .  The ac tua l  e l ec t ron  or  ion dens i ty  of t h i s  ionospheric layer ,  
which i s  bas i ca l ly  cont ro l led  by absorption of s o l a r  energy, i s  
qu i t e  s e n s i t i v e  t o  any ionizing forces  and recombination a c t i v i t y .  
E f fec t s  due t o  meteors, s o l a r  f l a r e s ,  sunspots,  magnetic storms, 
thermonuclear explosions,  and the normal seasonal and d a i l y  ro t a t ions  
of the e a r t h  have been observed f o r  a long period of time through 
the use of electromagnetic waves. The r e s u l t s  of these inves t iga t ions  
have given a bas ic  charac te r iza t ion  of the e l e c t r i c  proper t ies  of 
t h i s  layer .  This l aye r  i s  immersed i n  the ea r th ' s  magnetic f i e l d  
because of i t s  proximity, and, as a r e s u l t ,  the inc ident  f i e l d  can be 
22 
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converted i n  polar iza t ion .  
This po lar iza t ion  conversion i s  a d i r e c t  r e s u l t  of the movement 
(created by the incident  electromagnetic f i e l d )  of the  f r e e  e lec t rons  
i n  the l aye r  i n  the presence 
path of the moving e lec t rons  do not  follow the incident  f i e l d ,  and 
t h e i r  curved o r  d i s t o r t e d  motions create f i e l d s  of o ther  po lar iza t ions .  
It is wel l  t o  note  a l s o ,  t h a t  a t  VLF frequencies the e lec t rons  move 
f a r t h e r  during a cycle ,  and the c o l l i s i o n  frequency of the e l ec t ron  
with other  p a r t i c l e s  increases .  This c rea t e s  a mechanism of energy 
loss  and the ionosphere has a f i n i t e  conductivity.  These phenomena 
make the t h e o r e t i c a l  treatment of the r e f l e c t i n g  surface r a the r  complex 
and d i f f i c u l t  t o  analyze. Therefore, experimentally determined r e f l e c -  
t i on  coe f f i c i en t s  are  general ly  employed t o  descr ibe the propagation 
c h a r a c t e r i s t i c s  of the sky wave. This r e f l e c t i n g  ionospheric l aye r ,  
as has been indicated,  v a r i e s  with time, frequency, geographical 
loca t ion ,  and, t o  some degree, d i r ec t ion  of propagation. Hence, the 
of the ea r th ' s  magnetic f i e l d .  The 
calculated values  of the ac tua l  f i e l d s  are j u s t  reasonable es t imates  
which depend on the prec is ion  of the value of the r e f l e c t i o n  coe f f i c i en t .  
Figure 5 presents  several curves which ind ica te  some of the va r i a t ions  
of the magnitudes and phases of the r e f l e c t i o n  coe f f i c i en t s  with time 
2 
and frequency. 
The e f f e c t i v e  amplitude of the sky wave a t  the rece iver  loca t ion  
i s  a funct ion of the d is tance ,  the r e f l e c t i o n  coe f f i c i en t s  of the 
ionosphere and of the e a r t h ,  and the antenna c h a r a c t e r i s t i c s .  I f  
the f i n i t e  conduct ivi ty  of the ea r th  is  considered not  t o  a l t e r  the 
ve r t i ca l  r ad ia t ion  c h a r a c t e r i s t i c s  appreciably f o r  t h i s  propagation 
23 
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path,  the amplitude of a mth r e f l ec t ed  space wave from a v e r t i c a l  radia-  
t o r  a t  a d i s t a n t  point  i s  
IEs,ml = - Gt(ig)Rm Dmcos(ig), 
Ls  ,m 
(4)  
and 
where G t ( i g )  i s  
antenna, cos (ig) 
coming wave t o  a 
the normalized vol tage gain of the t ransmit t ing 
i s  the term which converts the E f i e l d  of the down- 
v e r t i c a l  po lar iza t ion  component, (i ) i s  the angle g 
of incidence of the sky wave with the ea r th  (see Fig.  4) , & is  the 
composite r e f l e c t i o n  coe f f i c i en t  of the ionosphere*, L,, i s  the 
th  
length of the m sky wave path,  Dm i s  a f ac to r  introduced by the 
focusing or convergence e f f e c t  of the ionospheric r e f l e c t i n g  surface 
(which w i l l  be t rea ted  i n  a later section) , 2 2  aR i s  the phase of the  
ionospheric r e f l e c t i o n  coe f f i c i en t ,  2 6 T f  i s  the addi t iona l  sky wave 
delay, AT i s  the  time delay between sky and ground waves, and f i s  
the frequency. The t o t a l  e l e c t r i c  sky wave f i e l d  i s  then the sum of 
a l l  possible  ray paths between the  transmitter and receiver  i n  the 
earth-ionospheric cavity.  On the single-path ray,  the amplitude and 
*I$., 2 20 niL,ogIilRlil+ 20(m-1) Log Is,, I , the subscr ip t  no ta t ion ,  11 , denotes 
t h a t  the electric f i e l d  of the incident  wave i s  p a r a l l e l  t o  the plane of 
incidence and the n o t a t i o n , l ,  means i t  is  perpendicular t o  the plane of 
the incidence. 
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phase of the received ver t ica l ly-polar ized  f i e l d  is  simply a l t e r e d  in '  
form by the complex r e f l ec t ion  coe f f i c i en t  
a l s o  generated and e x i s t s  i n  the plane perpendicular t o  the plane of 
incidence (plane of v e r t i c a l  polar izat ion) .  This generated f i e l d  
. A f i e l d  component i s  II II 
component i s  a r e s u l t  of the energy conversion process discussed 
e a r l i e r ,  and it has a magnitude r e l a t ed  t o  the incident  f i e l d  by 
llRl- a complex conversion coe f f i c i en t  
I f  the case of a multiple-hop path i s  considered (as i n  Fig. 5, 
m = 2) , the  f i e l d  s t rength  can no longer be simply a l t e r ed  i n  magnitude 
and phase by a s ing le  r e f l ec t ion  coe f f i c i en t .  The received v e r t i c a l l y -  
polarized e l e c t r i c  f i e l d  fo r  m = 2 is  r e f l ec t ed  a t  th ree  points  ((1) the 
ionosphere, (2) the  ground, and ( 3 )  t he  ionosphere) before i t  a r r ives  
a t  the rece iver  locat ion.  Since the incident  f i e l d  a t  the f i r s t  
ionospheric r e f l e c t i o n  i s  converted i n t o  two orthogonal components, 
and a t  the ground, these f i e l d s  a r e  simply r e f l ec t ed  for  high conduc- 
t i v i t i e s ;  then i t  i s  easy t o  see t h a t  the two orthogonal f i e l d s  may 
now be converted i n t o  four components upon the second r e f l ec t ion  from 
the ionosphere. This reasoning can be extended t o  higher order r e f l ec -  
t i ons ,  which ind ica tes  the degree of complexity of mult iple-ref lect ion 
f i e l d  s t rength  ca lcu la t ion .  In  most analyses,  the energy loss  by 
conversion i s  assumed negl ig ib le  and the t o t a l  r e f l e c t i o n  coe f f i c i en t  
fo r  a mth order r e f l e c t i o n  i s  simply = 1 1 1  Rm jRg/lm-'l. It i s  
wel l  t o  keep i n  mind t h a t  each r e f l e c t i o n  coe f f i c i en t  i s  a function of 
g' 
the angle of incidence, i 
Thus, the t o t a l  e l e c t r i c  f i e l d  over a sho r t  dis tance can be 
determined i n  terms of (1) two fac to r s ,  IFs[ and A ,  (2) the  experimentally 
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o r  t heo re t i ca l ly  obtained ionospheric r e f l e c t i o n  coe f f i c i en t s ,  and ' 
( 3 )  known constants fo r  the e l e c t r i c a l  propert ies  of the ear th ' s  surface.  
Signal-To-Noise Requirements 
S ens it  i v  i t y  Requirements 
The design of any c m u n i c a t i o n s  system is  based upon the determi-  
nat ion of the radiated s igna l  power t o  noise  r a t i o  required t o  exceed 
a given threshold which y ie lds  a va l id  estimate of the information 
content ac tua l ly  transmitted.  Since the  design of the complete system 
is  dependent upon the determination of the required radiated power, 
a ca re fu l  study has been made t o  determine an estimate of the  required 
power needed fo r  accurate  phase measurement. 
upon the technique fo r  determining the  required power fo r  a VLF 
transmission path presented by J. A. Pierce," and it was assumed tha t  
t h i s  data  was s u f f i c i e n t l y  accurate Over the range i n  question 
(approximately 
highest  measured value of atmospheric noise  i n  the United S ta t e s ,  
This study was based 
320 km or  200 m i l e s ) ;  Pierce 's  technique employs the 
ca l led  Kansas noise ,  as  a basis  fo r  ex t rac t ing  power requirements fo r  
a given s ignal- to-noise  r a t i o ,  SNR. 
Since the c r i t e r i o n  fo r  radiated power i s  related t o  receiver  
s e n s i t i v i t y ,  i t  is  des i rab le  t o  base the  ca lcu la t ions  on a VLF 
phase tracking rece iver  system present ly  ava i lab le  fo r  u t i l i z a t i o n  i n  
the proposed system. 
0.01 pv f o r  a -20 db signal-to-noise r a t i o  i n t o  the tracking f i l t e r  
for  pos i t i ve  automatic gain control  (AGC) ac t ion  was selected.  The 
A typ ica l  receive+ having a s e n s i t i v i t y  of 
*RMS, Inc. VLF Phase Tracking Receiver, Model 1312, for  example. 
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bandwidth f o r  t h i s  SIB i s  50 Hz and the t racking f i l t e r  has a band- . 
width of 0.002 Hz. Hence, the SNR ex i s t ing  i n  the t racking f i l t e r  i s  
SNR -20 + 10 loglo (2) = 24 db. 
0.002 (5) 
From the ava i l ab le  information f o r  the determination of required 
power, a curve ind ica t ing  the v a r i a t i o n  of SNR as a function of f r e -  
quency and power of a 320 km path length has been prepared and is  
presented i n  Fig.  6. The o r ig ina l  ca lcu la t ions  a r e  fo r  SNR'S f o r  a 
1 kHz bandwidth, and a re  a function of frequency f o r  severa l  powers 
a t  the required dis tance.  The r i g h t  ordinate  of t h i s  curve i s  the SNR 
in  reference t o  Kansas noise  f o r  a t racking f i l t e r  bandwidth of 0.002 Hz. 
For a transmission frequency of 2 0  kHz the required power i s  approxi- 
mately 2.4 wat ts ,  as determined from the curve. It must be noted 
t h a t  the determination assumes t h a t  no addi t iona l  noise  i s  added by the 
preceeding rece iver  s tages  and by the  antenna. A t  these frequencies,  
the assumption i s  v a l i d  because the noise  f igu re  of the ava i lab le  
equipment i s  s u f f i c i e n t l y  small i n  most cases (on the order of 3 t o  5 
db i n  modern rece ivers ) .  
Additional examples of atmospheric noise ,  as a function of 
frequency a t  var ious loca t ions ,  a r e  presented i n  Fig.  7 .  It i s  
important t o  note  t h a t  a l l  values of noise  are below the recorded 
Kansas noise.  
as  presented i n  Reference Data f o r  Engineers (ITT), i s  approximately 
26 db below Kansas noise  a t  20 kHz. 
The median value of no ise  i n  t h i s  l a t i t u t e  (32%) 
The measured average of no ise  
peaks a t  15 kHz which w a s  measured near Gainesvi l le ,  Flor ida (28'N), 
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is  approximately 16 db below Kansas noise ;  t h i s  average w a s  obtained ' 
from a study performed by the University of F lor ida  E l e c t r i c a l  Engineering 
Department. Because noise  l eve l s  general ly  decrease with frequency, 
the noise  as measured i n  the University of F lor ida  study i s  seen t o  be 
a t  least 10 db below Kansas noise.  Since a l l  recorded noise  data 
ind ica te  t h a t  the ex i s t ing  noise  l e v e l  i n  t h i s  region i s  a t  l e a s t  10 db 
below Kansas noise ,  then a s h i f t  of 10 db fo r  the SNR t o  Kansas noise  
f o r  the 0.002 Hz bandwidth ind ica tes  t h a t  a rad ia ted  power of approxi- 
mately 100 mw is  required fo r  320 km a t  20 kHz. 
++ 
These curves (Fig. 7)- were based upon the required SNR f o r  pos i t ive  AGC 
cont ro l  as spec i f ied  by the rece iver  manufacturer; thus,  addi t iona l  
receiver  s e n s i t i v i t y  may be obtained by operating without AGC, which 
w i l l  permit a lower than normal s e t  po in t  f o r  the receiver  t racking 
f i l t e r  input leve l .  Under the spec i f ied  condi t ions,  a radiated power 
of 100 t o  200 mw should be s u f f i c i e n t  f o r  communications over t h i s  
path during a l l  periods except those i n  which ambient noise i s  excessive.  
It i s  i n t e r e s t i n g  t o  note  t h a t  the  major source of atmospheric 
noise  i n  the  VLF band comes from rad ia t ion  due t o  l igh tn ing  discharges.  
The energy from these discharges i s  sca t t e red  by propagation i n  the 
earth-ionosphere cav i ty  as a guided wave. The major frequency compo- 
nents peaks about 10 kHz. Thus, it is  easy t o  understand the v a r i a t i o n  
of atmospheric noise  with changes i n  geographical loca t ion  s ince the 
major storm centers  are located i n  d e f i n i t e  regions.  
2 
*Private Conversation : D r .  T.S. George, University of F lor ida ,  Gainsvi l le ,  F l a .  
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Accuracy Requirements 
The s ignal- to-noise  r a t i o  ex i s t ing  under measurement conditions 
f o r  the phase s t a b i l i t y  study w i l l  influence the accuracy of the 
measured data .  The uncertainty of t h i s  measurement could d e t r a c t  from 
the credence of t h i s  measured da ta  i f  the e r r o r  introduced is  of 
s u f f i c i e n t  magnitude. A measure of t h i s  e r r o r  can be ca lcu la ted  as 
described by S k 0 1 n i k ~ ~  by considering a continuous s ine  wave 
Apsin(&ft -k CP ) where A i s  the amplitude, f i s  the frequency and @ 
is  the phase. I f  a noise  component is introduced i n  the transmission 
system with the CW wave, it w i l l  cause the apparent amplitude t o  d i f f e r  
from the t rue  amplitude by an amount AI = n ( t ) ,  a s  shown i n  Fig. 8. 
P P P 
P 
The measurement of phase can be considered a s  the measurement of 
time from a zero-axis crossing of the waveform., The e r r o r  i n  time 
due t o  the noise  i s  
n ( t )  A t  = 3 
Slope of Sine Wave a t  Zero Crossing 
where 
= 
slope I 
t = O  
Therefore, the rms phase e r r o r  i s  
i 
$ 1  
32 
F i g .  8.--Sinusoid p l u s  noise. 
33 
7 (n( t) ) %  i s  the rms value of the noise.  where Now 
(- 21% "2) E @ =  
P P 
or 
4 
where A = 22Arms and SNR i s  the power s ignal- to-noise  r a t i o .  P 
I f  the power signal-to-noise r a t i o  i n  the phase-lock loop (24 db) 
fo r  pos i t i ve  ac t ion  of the AGC of the RMS rece iver  i s  considered, then 
WP = 1 
( 2  x 252)k  
or  
2c 1122.5  radians or  2.54'. (11) 
The deadt ime o r  t racking e r r o r  of most VLF phase t racking systems is  
i n  the order of 0.1 psec. The mechanical e r r o r  thus introduced i s  
and 
8 %  = 0.1 x 3600 
50 x 
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or  
&Om = 0.72' . (14) 
Hence, the measurement accuracy w i l l  be determined pr imari ly  by the 
ex i s t ing  SNR of the measurement system and w i l l  be less dependent on 
the introduced mechanical e r ro r .  This SNR e r r o r  corresponds t o  about 
1 par t  i n  140. Therefore, the accuracy of the phase measurement w i l l  
u l t imately be determined by the signal-to-noise r a t i o  e r r o r  of the 
mechanical control  e r r o r ,  whichever i s  la rger .  
Antenna Requirements 
Transmitting Antenna 
General Discussion 
Any p r a c t i c a l  v e r t i c a l  antenna f o r  the propagation of the e l ec t ro -  
magnetic energy i n  the VLF spectrum w i l l  be e l e c t r i c a l l y  shor t  because 
of the impossibi l i ty  of e rec t ing  self-resonant  s t ruc tures  a t  these long 
wavelengths. The main considerations of VLF t ransmit t ing antenna design 
a re ,  i n  most cases ,  (1) the amount of power required t o  maintain communi- 
ca t ion  over the required range, (2) the value of antenna qua l i t y  f ac to r  
(Q) required t o  s a t i s f y  the bandwidth requirements of the modulated 
system, (3) the e f f ic iency ,  and (4) the cost .  In  t h i s  pa r t i cu la r  
system, the power requirement and cos t  a r e  the determining fac tors .  
The qua l i ty  of a v e r t i c a l  r ad ia to r ,  with respect  t o  e f f ic iency  and 
power capacity,  increases with height.  However, a t  the very lowest 
frequencies,  and p r a c t i c a l  v e r t i c a l  r ad ia to r  i s  i n  the order of 
i 
i 
i 
1 
I 
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severa l  degrees of e l e c t r i c a l  length,  and hence it is  necessary t o  
u t i l i z e  some form of capac i t ive  top loading i n  order t o  obtain even 
the minimum required performance. 
i s  usual ly  determined by the maximum allowable antenna vol tage f o r  
' 
The required amount of top loading 
high power i n s t a l l a t i o n s ,  although tuning requirements may influence 
the f i n a l  choice f o r  low power t ransmit t ing i n s t a l l a t i o n s .  
I n  VLF transmit t ing antenna design, there  i s  no real optimum design 
fo r  a p a r t i c u l a r  s t r u c t u r a l  configurat ion,  because addi t iona l  e f f i c i ency  
or  bandwidth can be obtained by increasing the antenna he ight ,  top 
loading, ground plane s i z e ,  e t c .  The cost-performance r e l a t ionsh ip  
increases  rap id ly  f o r  improved operation because of the increase i n  
p r i ce  per foot  of e rec t ing  and maintaining the antenna s t ruc tu res ,  
and the cos t  of higher vol tage in su la to r s  required f o r  la rge  transmitted 
powers ., 
A survey w a s  made t o  determine some antenna configurat ion which 
would perform under the required condi t ions,  and which would be 
f inanc ia l ly  feas ib le .  Two configurat ions have been considered as 
possible  t ransmit t ing antennas. One i s  a diamond-shaped top-hat 
antenna fed by one, or  mul t ip le ,  down leads,  and the other  i s  an 
umbrella antenna, which i s  a simple v e r t i c a l  r ad ia to r  u t i l i z i n g  
guy w i r e s  a s  loading elements. 
s implest  physical  configurat ion,  i t ,  i n  general ,  cos t s  l e s s  t o  e r e c t  
and maintain;  thus,  the umbrella type antenna w a s  se lec ted  f o r  u t i l i -  
za t ion  i n  the system. 
Since the umbrella antenna has the 
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Ver t i ca l  Radiator Charac te r i s t ics  
The main disadvantages of VLF propagation are the high cos t  and 
the p r a c t i c a l  d i f f i c u l t y  of e rec t ing  antenna s t ruc tu res  with 
dimensions appreciable with respect  t o  the operating wavelength. 
VJLF antennas a re  usual ly  some form of an e l e c t r i c a l l y  shor t  v e r t i c a l  
r ed ia to r .  
The usual  model of the simplest  and most of ten  used VLF transmit t ing 
antennas i s  a sho r t  v e r t i c a l  monopole over a conducting f l a t  plane. 
I f  only the v e r t i c a l  e l e c t r i c  f i e l d  a t  the plane sur face  i s  considered, 
i t  can be shown" t h a t  
E ( t )  = - -1 [ l M ( t ' ) d t  F M ( t ' )  + dM(t')/dt 
27T€ Lg3 V0Lg2 VoLg 
where E ( t )  i s  i n  vol t s /meter ,  M(t) i s  the changing v e r t i c a l  e l e c t r i c  
moment, Io x he, i n  ampere meters, I o ( t )  i s  the antenna cur ren t  i n  
amperes, h i s  the antenna e f f ec t ive  height  i n  meters,  L i s  the dis tance 
e g 
from the source t o  the poin t  of observation i n  meters,  vo i s  the wave 
ve loc i ty  of f r e e  space, and t '  = (t-Lg/vo). 
of (15) i s  the e l e c t r o s t a t i c  f i e l d  contr ibut ion,  the second term i s  the 
induction f i e l d ,  and the t h i r d  term is  the r ad ia t ion  f i e l d  contr ibut ion 
t o  the complete f i e l d .  
form which cons i s t s  of both an induction and a r ad ia t ion  f i e l d .  The 
e l e c t r o s t a t i c  and the induction f i e l d s  a r e  r e l a t ed  t o  the ac tua l  
ground losses  i n  the quas i - s t a t i c  f i e l d s  i n  the near v i c i n i t y  of 
the antenna; however, the r ad ia t ion  f i e l d  is  of i n t e r e s t  t o  the 
The f i r s t  term on the l e f t  
The tangent ia l  magnetic f i e l d  a l s o  has a s imi la r  
37 
propagation problem a t  t h i s  point .  A t  d is tances  f a r  from the antenna 
the r ad ia t ion  f i e l d  predominates because it decays only as the inverse 
of the d is tance  and the other  contr ibut ions can be considered negl ig ib le .  
Now, i f  a uniform cur ren t  d i s t r i b u t i o n  i s  assumed fo r  a s ing le  monopole 
Over a conducting plane with a cur ren t  magnitude Io, then i t  can be 
shown t h a t  the unattenuated f i e l d  s t rength24 a t  the surface of a per- 
f e c t l y  conducting f l a t  e a r t h  one m i l e  from a simple v e r t i c a l  r ad ia to r  
i s  
r 7 1 1 - COS G mil l ivo l t s /meter  - IFs] = 37.25 Io 
Sin G 
where 
Io = ( e >”. antenna base cur ren t ,  or  Io =p>” y 
w =  
- 
’r - 
Rt = 
Rr = 
RL = 
h =  
G =  
and a = 
t o t a l  antenna power input ,  
rad ia ted  power 
t o t a l  antenna r e s i s t ance ,  Rt = Rr -I- RL, 
r ad ia t ion  res i s tance  , 
Effec t ive  l o s s  res  i s  tance , 
360°a/h, angular antenna height  , 
2na/h, radian antenna height ,  
antenna height .  
‘ 1  
P E 1 
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I f  G<-Qn, which i s  the case fo r  e l e c t r i c a l l y  sho r t  antennas, and Io ‘ 
i s  expressed i n  terms of radiated power, the f i e l d  s t rength  is  
or  
IFs] = 37.25(;) t (G/2) mv/meter, 
where the approximations f o r  the s e r i e s  expansions, 
COS G E’ 1-G /2 2 
and s i n  G e G ,  
a re  employed. 
v e r t i c a l  r ad ia to r  i s  
The es tab l i shed  expression f o r  r ad ia t ion  of a sho r t  
R, 10 G2 h2/312 (19) 
f o r  h < 30’. 
of 
The subs t i t u t ion  of (19) i n  (18) y i e l d s  a f i e l d  s t rength  
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which i s  independent of antenna height  f o r  a constant  rad ia ted  power.. 
Equation (19) requires  t h a t  a s p e c i f i c  power be radiated regardless  of 
the r ad ia t ion  r e s i s t ance ,  which i s  a function of antenna he ight  a s  
indicated i n  Fig.  9 fo r  Itop/Ibase = 0. 
with the l a r g e r  f i e l d  s t rength  a t  one mile obtained from a quar te r  
wavelength v e r t i c a l  antenna ind ica tes  only an approximate f i v e  
percent d i f fe rence .  This r e s u l t  i s  e a s i l y  deduced from the f i e l d  
s t rength  d i s t r i b u t i o n  i n  the v e r t i c a l  plane around a one-quarter 
wave length antenna, and a shor t  d ipole  or  i n f in i t e s ima l  antenna 
above a lo s s l e s s  ground plane.25 
shor t  dipole  i s  
A comparison of t h i s  r e s u l t  
The r ad ia t ion  pa t t e rn  fac tor  of the 
Gt(0) = Sin 0 
and f o r  the quarter  wavelength antenna i t  i s  
cos (?r/2 cos e)  
Sin 0 Gt(0)X/4 = 
where 8 i s  measured from the v e r t i c a l .  The p a t t e r n  of the quar te r  
wave antenna i s  only s l i g h t l y  more d i r ec t ive  than the pa t t e rn  of the 
shor t  dipole ,  and the magnitudes are maximum f o r  0 = 7 ~ / 2  (along the 
ground plane).  
A s imi l a r ,  ye t  d i f f e r e n t ,  analysis24 has been made by others 
wherein the input power w i s  held constant fo r  a pe r fec t ly  conducting 
I 
0.01 
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1 = 100 f t  a t  20 kHz 
2 = 150 f t  a t  20 kHz 
3 = 200 f t  a t  20 kHz 
1 2 3  4 4 = 300 f t  a t  20 kHz 
1 I 4  I 
., Supprc.ssed 
B 1 ’\ by Top-Loading 
Current Distribution 
on Top-Loaded Vertical 
Antenna 
Fig.  9.--Theoretical radiation resistance of a vert ica l  antenna 
for assumed linear current distribution.  
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ground. On t h i s  assumption, equation (15) becomes 
IFs] = 37.25 
f o r  G << 2n .  For 
antenna system, 
IF,/ = 5.9 
% = 0,  pe r fec t ly  conducting ea r th ,  and a l o s s l e s s  
(w)’ mv/meter , (24) 
which i s  s i m i l a r  t o  equation ( 2 0 ) ,  and a l s o  ind ica tes  t h a t  the f i e l d  
s t rength  i s  independent of antenna height.  However, ( 2 4 )  appl ies  f o r  
a l o s s l e s s  antenna system. 
with height s ince 
I f  RL # 0 then the f i e l d  s t rength  decreases 
% 
l i m i t  IFs/ = l i m i t  [ 37.25 ) 4 ] - 0 (25) G+O G -0 OG + RL 
fo r  G<<2~r. Equation (23) is usual ly  p lo t t ed  f o r  var ious values of 
equivalent l o s s  r e s i s t ance  i n  more relevant  references,  and hence i t  
can c rea t e  some misunderstanding i f  the power i s  not  c l ea r ly  spec i f ied .  
This type of ana lys i s  i s  c e r t a i n l y  co r rec t ,  and i t  i s  employed t o  
emphasize the e f f e c t  of r ad ia to r  height  on antenna e f f ic iency  f o r  a 
fixed ava i lab le  power input .  But, because only s m a l l  radiated powers 
a r e  required i n  the proposed system, the antenna e f f ic iency  i s  not  the 
main concern, and the theo re t i ca l  f i e l d  s t rength  can be considered 
independent of antenna height  i f  power sources a r e  ava i lab le  t o  maintain 
a constant rad ia ted  power regardless  of r ad ia t ion  res i s tance .  
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The considerat ions thus f a r  have applied only f o r  an e n t i r e l y  
lo s s l e s s  antenna system. In  p rac t i ce  the losses  encountered g r e a t l y  
influence system performance because the  r ad ia t ion  res i s tance  i s  
extremely s m a l l ,  as indicated i n  Fig. 9. These losses  occur i n  
the tuning inductance, i n  the v e r t i c a l  r ad ia to r ,  i n  the in su la to r s ,  
and i n  the ground res i s tance  a s  shown i n  the equivalent c i r c u i t  
given i n  Fig. 10. 
The tuning inductance i s  required i n  order t o  reduce the dr iv ing  
vol tage f o r  the antenna reactance which i s  of the form 
XA = Zo co t  a 
where 
Zo = 60 an ( - 1) 
r1 
and 
r = e f f e c t i v e  radius  of the antenna. 
1 
The reactance,  capacitance,  and required tuning inductance a s  a 
function of height  fo r  a simple v e r t i c a l  r ad ia to r  i s  presented i n  
Fig. 11. The tuning inductance is  excessively large f o r  unloaded 
towers, which ind ica tes  the need f o r  capac i t ive  top loading; however, 
even with capac i t ive  top loading, p r a c t i c a l  tuning inductors usual ly  
have loss  res i s tances  in  the many hundreds of milliohms o r  more. This 
res i s tance  i s  much l a r g e r  than the r ad ia t ion  r e s i s t ance  of an antenna 
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xL RI r R RA 
Base 
% =  
RI: - 
- 
R, = 
R =  A 
R =  g 
'A - - 
Rg 
Induct ive Tuning Re ac t ance 
Inductor Loss Resistance 
Radiation Resistance 
Antenna Loss Resistance 
Ground Loss Resistance 
Antenna Capacitive Reactance (Top Loading) 
Fig. 10. --VLF antenna equivalent circuit. 
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of severa l  e l e c t r i c a l  degrees of length.  The antenna lo s s  res i s tance  
is usual ly  negl ig ib le  i f  the cmponent p a r t s  of the v e r t i c a l  rad ia tor  
a re  bonded together s a t i s f a c t o r l y ,  and a re  of s u f f i c i e n t  surface area.  
Ground Resistance 
The ground res i s tance  % i s  an e f f ec t ive  res i s tance  re fer red  t o  
the antenna equivalent c i r c u i t ,  which i s  calculated from 
(28) 
- Power Loss i n  Ground System = I PG 
Rg - (Base Current) 2 I 2  - 
0 
Typically,  the ground res i s tance  i s  not l e s s  than severa l  hundred 
milliohms a t  these frequencies.  The power d iss ipa ted  i n  the ground 
i s  the r e s u l t  of conduction currents  induced i n  the r e s i s t i v e  ground 
system. Radial ground wires a re  usual ly  employed t o  minimize t h i s  
loss ,  which makes the t o t a l  power lo s s  i n  the ground the sum of the 
power l o s s  i n  the wires (Pw) , the  ground adjacent t o  the w i r e s  (P,) , 
and the ground beyond the ground wires (PX)- 
of a s u f f i c i e n t  number of wires of the proper length and s i z e ,  the 
power d iss ipa ted  i n  the wires,  and i n  the ea r th  adjacent t o  the wires,  
can be reduced t o  an acceptable value. Most sources of information 
r e l a t ed  t o  the se l ec t ion  of ground plane s i z e  recommend t h a t  approximately 
120 r a d i a l  ground w i r e s  a t  l e a s t  0.31 long be u t i l i z e d  f o r  minimum 
ground resis tance.  However, t h i s  i s  not  a t  a l l  p r a c t i c a l  fo r  wave- 
lengths i n  the order of tens of miles because of the space requirement. 
Through the placement 
Since t h i s  requirement is impractical ,  a study2* has been made 
t o  determine the  e f f e c t i v e  res i s tance  of the ground with respect  t o  
a sho r t  v e r t i c a l  r ad ia to r  and a shor t  r a d i a l  w i r e  ground plane. This 
s implif ied study w a s  based upon the assumption t h a t  the t o t a l  power 
diss ipated i n  the ground system was the sum of the d iss ipa ted  powers 
i n  (1) the wires,  (2) the ea r th  adjacent t o  w i r e s ,  and (3) the ea r th  
beyond the r a d i a l  wires. The res i s tance  was calculated by the num- 
e r i c a l  in tegra t ion  of the power loss  densi ty  about the antenna i n  the 
ea r th ' s  surface down t o  about one skin depth. 
were determined from the current  d i s t r i b u t i o n  of a v e r t i c a l  r ad ia to r  
over a ground plane of i n f i n i t e  conductivity,  and an ava i lab le  expres- 
sion fo r  the re la t ionship  between the current  i n  the wires and i n  the 
ear th  adjacent t o  the wire fo r  d i f f e r e n t  w i r e  configurations and depths. 
Results from the study a r e  presented i n  Fig. 1 2 ,  which r e l a t e s  the 
e f f ec t ive  ground res i s tance  t o  ground wire length f o r  several  antenna 
heights .  The rapid decrease i n  e f f ec t ive  ground res i s tance  a t  very 
shor t  dis tances  from the antenna i s  a d i r e c t  r e s u l t  of the very rapid 
decrease i n  current  d i s t r i b u t i o n  as  a function of dis tance from very 
shor t  v e r t i c a l  rad ia tors .  
viewpoint, t h a t  small e f f ec t ive  ground res i s tances  for  sho r t  antennas 
can be obtained through the use of r a d i a l  ground systems of lengths 
l e s s  than three- tenths  of a wavelength. 
The power dens i t i e s  
It indica tes ,  a t  l e a s t  from a c i r c u i t s  24 
Wait and Pope , 26 Abbott , 27 and others  have invest igated the 
ca lcu la t ion  of the power lo s s  i n  buried w i r e  ground systems. Their 
approach i s  from a s t r i c t  or rigorous electromagnetic f i e l d  point-  
of-view where the calculated losses  are described i n  terms of the E 
and H f i e l d s .  The E f i e l d  lo s s  occurs as  a r e s u l t  of the r e tu rn  
ground currents  created by the displacement currents  surrounding the 
Fig. 12.--Effective ground res i s tance ,  Rg, as a function 
of r a d i a l  ground wire length. 
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= 10-6 mho/cm, 
f = 20 kHz 
No.  of wires 120, 
Wire s i z e  N o .  8, and 
Brackets ind ica te  antenna 
height  @ 20 kHz, 
h = 2.19'(300 f t  ) 
h = 1.46O(200 f t  ) 
h = 1.1°(150 f t  ) 
I I I 1 I r 
50 100 200 300 500 800 1000 
Ground Wire Length i n  Feet 
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antenna. 
the v e r t i c a l  r ad ia to r  which ac tua l ly  forces  cur ren ts  t o  flow r a d i a l l y  
The H f i e l d  l o s s  i s  caused by the ex i s t ing  H f i e l d  around 
toward the base of the antenna. However, the  r e s u l t s  a r e  f o r  r a t i o s  
of antenna he ight ,  a ,  t o  wavelength of g rea t e r  than a/h = 0.025. 
The r a t i o  of a/x f o r  t h i s  system i s  smaller by a f ac to r  of f i ve  or  more, 
and, hence, these r e s u l t s  cannot be r ead i ly  be extended t o  the system 
parameters f o r  accurate  pred ic t ions  of ground cur ren t  losses .  The 
trend of smaller ground res i s tance  f o r  smaller r a t i o s  of a/h a t  a 
given dis tance exhibited i n  Fig. 1 2  f o r  the s implif ied study i s  qui te  
evident i n  t h e i r  r e s u l t s .  It i s  thus f e l t  t h a t  the resul ts  presented 
in  Fig. 1 2  give a reasonable es t imate  fo r  the ground res i s tance  with 
an accuracy su i t ab le  f o r  engineering purposes. 
Top-Loaded Antennas: Theory 
A s  indicated i n  Fig.  11, the reactance of a sho r t  v e r t i c a l  r ad ia to r  
increases rapidly a s  the height  decreases. Thus, an extremely la rge  
vol tage i s  required t o  e s t a b l i s h  the antenna cur ren t  necessary f o r  a 
spec i f ied  power output. This i s  t rue  because the cur ren t  on the antenna 
i s  determined almost e n t i r e l y  by the reactance which i s  very much 
l a rge r  than the r ad ia t ion  res i s tance .  It is a common p rac t i ce  t o  
employ a s e r i e s  inductance t o  resonate the antenna. With t h i s  configura- 
t i on  dr iving vol tages  and desired cur ren t  a r e  obtained. For 
the shor t  v e r t i c a l  antennas the required tuning inductance i s  qui te  
la rge ,  as shown i n  Fig.  11, which makes it des i r ab le  t o  employ top 
loading. I n  t h i s  system, top loading, which cons i s t s  of adding some 
form of "capacit ive ha t , "  serves three des i rab le  purposes: (1) i t  in- 
creases  the e f f e c t i v e  he ight ;  (2) i t  reduces the required tuning induc- 
4 9  
tance; and (3) it lowers the base vol tage,  
The increase i n  e f f ec t ive  height r e su l t i ng  from top loading i s  
caused by the change i n  current  d i s t r i b u t i o n  as  can be observed i n  
Fig. 9. The top-loading capacitance prevents the current  from decreasing 
t o  zero a t  the top of the antenna such as  occurs i n  the case of a 
capaci tor  terminating an open-circuited transmission l i ne .  Since 
the current  has a value grea te r  than zero a t  the top, the average 
current  over the t o t a l  antenna length i s  increased. The f i e l d  s t rength  
and e f f ec t ive  height of an e l e c t r i c a l l y  shor t  antenna i s  proportional 
t o  t h i s  average value of cur ren t ,  and any increase i n  the average current  
d i s t r i b u t i o n  along the length of the  antenna tends t o  increase the 
measured f i e l d  parameters. Top loading can increase the e f f e c t i v e  
height by, a t  the most, a f ac to r  of two because of the re la t ionship  
between the t r i angu la r  current  d i s t r i b u t i o n  without top loading and 
the l imi t ing  value of a constant current  d i s t r i b u t i o n  along the t o t a l  
length of the antenna. 
d i f f e r e n t  ways, but the simplest  method of achieving large amounts of 
top loading i s  the use of the umbrella antenna. The umbrella antenna 
i s  bas ica l ly  a v e r t i c a l  r ad ia to r  with wires extending away from the top 
of the r ad ia to r  i n  a manner s imi la r  t o  t h a t  of an extended umbrella as  
shown i n  Fig. 13. Additional capaci t ive top loading may be obtained 
by connecting the ends of the umbrella r i b  w i r e s  together,  as  shown i n  
Fig. 15 (connecting wires a re  ca l led  antenna s k i r t  wires).  Experimen- 
t a l  r e s u l t s  ind ica te  t h a t  a decided increase i n  antenna capacitance can 
be obtained by u t i l i z i n g  t h i s  technique i n  the construct ion of e l e c t r i c a l l y  
small antennas. This increased capacitance is  a function of the area 
The added capacitance may be obtained i n  several  
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d = Distance from top of r ad ia to r  t o  in su la to r  
D = Distance t o  ex t remi t ies  of umbrella support wires 
a = Antenna height 
Fig.  13.--Diagram of umbrella r i b  configuration. 
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enclosed by the s k i r t  wire and of the he ight  of the w i r e  above ground, 
or  a combination of both d and D. The s k i r t  wire does tend t o  reduce 
the e f f e c t i v e  he ight  of the  antenna because the  enclosed t r i angu la r ,  
conic sec t ions  tend t o  sh i e ld  the v e r t i c a l  r ad ia to r .  This construct ion 
technique i s  an approach used t o  reduce the antenna capac i t ive  reactance,  
thereby minimizing the required tuning inductance. A compromise must 
be made between the  antenna e f f e c t i v e  height  and the required tuning 
inductance, depending upon the r e l a t i v e  importance of each parameter 
f o r  a given antenna system. 
examined experimentally by C. E .  Smith and E .  M. JohnsonY2' and theo re t i -  
c a l l y  by L .  C. Smeby. 
Such an antenna configurat ion has been 
29 
From t h e i r  experimental r e s u l t s ,  i t  w a s  concluded t h a t  the optimum 
length of the umbrella w i r e s  i s  not  necessar i ly  independent of f r e -  
quency; however, the optimum rad ia t ion  res i s tance  is  obtained when 
the value of d i s  approximately 
d = -  3a 
7 
as  defined i n  Fig. 13 f o r  e l e c t r i c a l l y  sho r t  antennas. 
Fig. 15). Experimental r e s u l t s  f o r  a c i r c u l a r  wire ,  or  s k i r t ,  
at tached t o  the ends of the umbrella w i r e s  ind ica te  t h a t  the optimum 
radia t ion  r e s i s t ance  occurs f o r  a given d s l i g h t l y  less than the  
spec i f ied  value.  I f  d i s  increased beyond the point  of optimum 
rad ia t ion  f o r  a f ixed value of D, or ,  i f  D i s  increased with d f ixed ,  
then the capac i t ive  reactance of the system i s  decreased. 
varying of d ,  a compromise can be e f fec ted  between e f f i c i ency  and 
(See a l s o  
Through the 
I 
t 
sj 
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capac i t ive  reactance f o r  the reduction of the tuning inductor 
requirements, which i s ,  of course, extremely important i n  t h i s  
system . Sa t i s f ac to ry  r e s u l t s  have a l s o  been obtained with 
5a 
7 
d = -  
approach t o  obtain l a rge r  r ad ia t ion  res i s tance .  The s k i r t  
standard umbrella was thought t o  be mechanically undesirab 
by others1-/ without excessive sh ie ld ing  of the v e r t i c a l  r ad ia to r .  
r e s u l t s  indicated t h a t  r ad ia t ion  r e s i s t ance  increased with an increase 
i n  D,  and t h a t  t h i s  dimension should be a s  la rge  as possible  s t r u c t u r a l l y .  
The theo re t i ca l  study by SmebyZg showed t h a t ,  through the use of 
Their 
the optimum length of the umbrella r i b s ,  the v e r t i c a l  r ad ia t ion  
c h a r a c t e r i s t i c s  a r e  the same as  they would be from the r ad ia to r  
without top loading. Smeby descr ibes  a modified s k i r t  umbrella i n  
which the umbrella w i r e s  a r e  connected a t  the  outer  periphery by 
a sk i r t -wi re ,  and i n  which the a l t e r n a t e  r i b  wires have an in su la to r  
a t  the top of the antenna. This configurat ion w a s  suggested a s  an 
on the 
e,  i n  
be obtained p rac t i ce ,  i n  view of the f a c t  t h a t  the same res i s tance  can 
with an umbrella of s l i g h t l y  g rea t e r  radius .  
An expression f o r  the base terminal vol tage can be developed from 
the antenna equivalent  c i r c u i t  of Fig. 10. 
he ight ,  the base vol tage i s  
For a given antenna 
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where 
From the theo re t i ca l  discussion i t  can be seen t h a t  
Rt = R, + RL = + RA + Rg 
and 
thus,  
or 
H 0 .32  (I?,)% 
xA - G lvbl - 
If the antenna capacitance is  increased by means of top loading 
for  a given antenna he ight ,  the base vol tage w i l l  decrease. The base 
vol tage is  of primary i n t e r e s t  s ince i t  determines the qua l i ty  of the 
base in su la to r  required for a spec i f ied  radiated power. The base 
"1 
i 
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vol tage va r i e s  inversely with antenna height  a s  described by (36), and 
it  i s  presented i n  Fig. 14 fo r  a rad ia ted  power of l w .  The base 
vol tages  f o r  severa l  umbrella antennas discussed i n  a l a t e r  sec t ion  
of t h i s  chapter a r e  a l s o  recorded i n  t h i s  f igure ,  and a re  based upon 
experimental sca le  model capacitance measurements. The curves can be 
extended t o  other vol tages  by multiplying the ordinate  values by the 
square of the r a t i o  of desired power normalized t o  l w .  
The vol tage d i s t r i b u t i o n  Over the antenna tends t o  follow a 
cosine law of d i s t r i b u t i o n ,  with the maximum vol tage occurring a t  a 
point on the antenna m o s t  d i s t a n t  from the base terminals. This 
vol tage d i s t r i b u t i o n  is  a function of the  terminal vol tage,  of the 
antenna self-inductance,  and of the capaci t ive fr inging e f f e c t s .  The 
vol tage a t  the most d i s t a n t  point  on the antenna30 i s  usually approxi- 
mated as  
1 
. .-A 
i Vf = 1.05 Io X ' l / cos  9Oo(f/f0.) A t  (37) 
where f i s  the operating frequency and f o  i s  the frequency a t  which 
the antenna i s  e l e c t r i c a l l y  X/4 i n  length. 
hence 
I n  t h i s  case,  f<<fo, and 
This r e s u l t  should be expected s ince  the e n t i r e  antenna s t ruc tu re  i s  
only a f r ac t ion  of a wavelength. 
s t ruc tu re  should be approximately equal t o  the base voltage,  where 
The vol tage a t  any point on the 
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edge e f f e c t  may cause a v a r i a t i o n  of up t o  10% of t h i s  value. 
The basic  e f f ic iency  of antennas such a s  these is  
x 100% , Power Radiated 
Power Input 
r l =  (39) 
which can be expressed i n  terms of the equivalent c i r c u i t  parameters 
of Figure 10, 
x loo%, R r  1 7 =  
RI + Rr + RA + Rg 
where the inductance 
p a r t  of the antenna system. 
with lo s s  res i s tance  RI i s  included a s  a 
This inductance may be replaced i n  
prac t ice  by a P i ,  T, o r  an L matching sect ion;  however, f o r  the 
present purpose , a series inductance with a l o s s  res i s tance  i s  
sa t i s f ac to ry .  The rad ia t ion  res i s tance  (see Fig. 9), with top 
loading w i l l  have range values of: 
1.6m < Rr < 6.8 mil  fo r  a 100 f t .  antenna, 
m,Q fo r  a 150 f t .  antenna, 
mi2 fo r  a 200 f t .  antenna, and 
m fo r  a 300 f t .  antenna. 
4m < Rr < 15 
7m < % < 27 
16m < % < 60 
The maximum top loading becomes more d i f f i c u l t  t o  obtain as  height 
increases fo r  umbrella antennas because of the  shielding of the ver t i -  
c a l  r ad ia to r ;  and, furthermore, maximum top loading cannot be obtained 
with simple s t ruc tures .  
' I  
E 
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A recent  inves t iga t ion  of e l e c t r i c a l l y  sho r t  umbrella top- 
loaded antennas3' has indicated t h a t  the s t a t i c  e f f e c t i v e  height 
of such s t ruc tu res  can be determined by approximating the in t eg ra l  
equation describing the antenna charge distribution. This is accom- 
plished by dividing the  in t eg ra l  (or antenna configuration) i n t o  
a f i n i t e  number of segments over which the charge densi ty  is  assumed 
constant ,  and wherein the  in t eg ra l  is represented by a s e t  of simultaneous 
l i n e a r  equations. The r e s u l t s  of t h i s  computation of the i n t e g r a l  
a r e  presented i n  the form of nomograms r e l a t i n g  the capacitance, the 
e f f ec t ive  height ,  and the qua l i t y  f ac to r  Q of the umbrella antenna as  
a function of height ,  d ,  D,  and the number of umbrella r i b s  where 
r l /a  = 1 x 10-3, 
r 2 / a  = 10-5, 
r1 i s  the e f f e c t i v e  radius  of the antenna tower, 
and r 2  i s  the e f f e c t i v e  radius of the umbrella r i b  wires.  
From these nomograms, the  e f f e c t i v e  height  he of an umbrella antenna 
wherein 
N = 1 2 ,  
d = 5a/7, and 
D = a  
i 
i s  determined t o  be 
he 0.5a , 
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which is  exact ly  the e f f ec t ive  he ight  of an unloaded v e r t i c a l  antenna. 
This decrease i n  the an t ic ipa ted  e f f e c t i v e  height  r e s u l t s  from the 
f a c t  t h a t  the r i b  length exceeds the value f o r  optimum radia t ion .  
This p a r t i c u l a r  choice of an antenna configurat ion w a s  inves t iga ted  
because maximum s t a t i c  capacitance is  desired.  The configurat ion w i l l  
be discussed i n  the  following sect ion.  A f eas ib l e  estimate of the 
system performance can hence be based upon the rad ia t ion  r e s i s t ance  
of a v e r t i c a l  r a d i a t o r  with no top-loading capacitance. 
Top-L oaded Antennas: Experiment a 1 
I n  the design of antennas, considerable information r e l a t ed  t o  
the impedance c h a r a c t e r i s t i c s  and the r ad ia t ion  pa t t e rn  of a given 
s t r u c t u r a l  configurat ion can o f t en  be obtained from a scaled model 
mounted on a la rge  Scale f ac to r s  as la rge  as one- 
hundred t o  one (1OO:l) can be u t i l i z e d  t o  obtain usefu l  information 
i f  the s t r u c t u r a l  design i s  ca re fu l ly  scru t in ized .  I n t r i c a t e  d e t a i l s ,  
such as l a t t i c e  s t ruc tu res ,  w i r e  configurat ion,  e t c . ,  can be ideal ized 
through the use of some simple geometric forms wherein the measurements 
a re  corrected accordingly. 
ground plane.32 
Four sca le  model VLF umbrella antennas of 100, 150, and 
300 f e e t  have been constructed f o r  the determination of the s t a t i c  
capacitance of the s t ruc tu res .  Thevalue  of antenna capacitance 
is  extremely important s ince  i t  determines the required tuning in-  
ductance, and the t o t a l  base vol tage,  f o r  a given transmitted power. 
The 100-foot antenna cons i s t s  of an ungrounded, t r i angu la r ,  v e r t i c a l  
r a d i a t o r ,  which is  three f e e t  on each s i d e ,  and an umbrella, consis t ing 
5 9  
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of e igh t  r i b s  with s k i r t .  Each r i b  i s  i n  a cage form of four w i r e s  on 
a four-foot square, as shown i n  Fig.  15 and 16. The 150- and 200- 
foot  antennas cons i s t  of ungrounded t r i angu la r ,  v e r t i c a l  r ad ia to r s  
with e igh t  single-wire r i b s  with s k i r t  a t  a 45 
0 
angle from the 
v e r t i c a l ,  as shown i n  Fig. 17. S t a t i c  capacitance measurements w e r e  
made a t  a frequency of one thousand cycles  per second, using a simple 
audio frequency bridge with the antenna mounted on an e f f e c t i v e  20-foot- 
square ground plane. The corrected f u l l  sca le  measured capacitance 
values  a r e  recorded i n  Table 1 f o r  several s t r u c t u r a l  va r i a t ions  of the 
basic  designs including some s t ruc tu res  with 1 2  r i b s .  I n  addi t ion ,  
capacitance measurements were made a t  the  proper scaled frequency f o r  
these models i n  an e f f o r t  t o  determine the ac tua l  operating capacitance.  
The r e s u l t s  a r e  a l s o  presented i n  Table 1. Since the  sca l e  f ac to r  was 
extremely l a rge  ( in  some cases 200:1), i t  w a s  impossible t o  sca l e  a l l  
the physical  parameters of the s t r u c t u r e  s o  t h a t  more information could 
be obtained ( loss  and r ad ia t ion  r e s i s t ances ,  f o r  example.) Although 
there  w a s  some d i f f i c u l t y  i n  modeling the s t ruc tu res ,  the w i r e  s i z e s ,  
the tower dimensions, and the l a t t i c e  construct ion w e r e  approximated 
as c lose ly  as possible .  
The s ta t ic  capacitance of top-loaded umbrella antennas can be 
described 
31 
determined using the nomograms developed by Gangi, e t  a l . ,  
earl ier i n  t h i s  chapter.  The capacitance of a v e r t i c a l  r a d i a t o r  
where 
a = 300 f e e t ,  
d = 5a/7,  
f 
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Fig.  15.--VLF umbrella antenna design (1). 
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Fig. 16.--Rib construct ion f o r  100 f t  VLF umbrella antenna. 
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ft VLF umbrella 
Fig. 17b--Rib construction for 150 and 200 ft VLF umbrella 
antennas with d = 5a/7. 
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D = a ,  
and N = 1 2  
i s  determined t o  be 
CA "4140 pf ,  
f o r  the nomograms given i n  the referenced repor t .  The value i s  
(43) 
within f i f t e e n  percent of the measured sca le  mode capacitance (Table 1, 
No. 18 which has a s l i g h t l y  l a rge r  r i b  radius) of 
cA 4800 pf (44)  
for  such a s t ruc tu re .  The calculated value obtained from the nomograms 
are  only v a l i d  f o r  a r a t i o  of r i b  radius t o  height  (r2/a) of 
a r a t i o  of two r a d i i  t o  height  ( r l /a)  of 5 x Gangi, e t  a l . ,  
s t a t e  t h a t  an order of magnitude change ( l a rge r  or  smaller) i n  r2/a  
a f f e c t s  the parameters by l e s s  than 2 20 percent.  
the data  from Table I indica tes  t h a t  the s t a t i c  capacitance fo r  these 
s t ruc tu res ,  which can be predicted from both sca le  model and numagrams, 
can be determined t o  a s a t i s f a c t o r y  degree fo r  design purposes. The 
data  a l s o  indicated t h a t  a considerable increase i n  capacitance can 
be obtained from increased r i b  diameters. 
and 
31 
A comparison of 
The umbrella antenna exh ib i t s ,  i n  most cases ,  a s i g n i f i c a n t  
improvement in  antenna performance over the simple v e r t i c a l  r ad ia to r .  
However, the umbrella has the d i s t i n c t  disadvantage of increasing the 
-" ,  
" {  
1 
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mechanical load on the supporting tower. T a l l e r  ver t ica l  r ad ia to r s ,  
such a s  the 150 and 200 foot  antennas, are more d i f f i c u l t  t o  load 
capac i t ive ly ,  with minimum shie ld ing  of the r ad ia to r ,  unless  addi t iona l  
t a l l ,  r ib-supporting s t ruc tu res  a r e  u t i l i z e d .  However, a s t rong 100 
foot  tower can be heavi ly  top loaded, through the use of sho r t e r  
inexpensive supporting s t ruc tu res ,  without shielding the v e r t i c a l  
r ad ia to r .  I n  any case,  the maximum capaci t ive loading is required 
a t  these frequencies i n  order t o  reduce the base vol tage and the tuning 
inductance required f o r  reasonable t ransmi t te r  output vol tages .  
Summary of Antenna Design 
Unless e l e c t r i c a l l y  large s t ruc tu res  a r e  employed, the design of 
the t ransmi t t ing  antenna t o  be u t i l i z e d  i n  t h i s  system i s  e l e c t r i c a l l y  
very small because of the long wavelengths involved. The design of 
e l e c t r i c a l l y  small s t ruc tu res  presents  a c l a s s  of unique problems. 
The la rge  antenna capaci t ive reactance,  f o r  antennas of l e s s  than 
two degrees of e l e c t r i c a l  length,  i s  by f a r  the most important con- 
s ide ra t ion  i n  the design of e l e c t r i c a l l y  s m a l l  antennas. In  order 
t o  obtain even s m a l l  radiated powers, the antenna base vol tages  reach 
enormous proportions,  and la rge  tuning inductances a re  required i n  
order t o  reduce the dr iv ing  voltage of the untuned antenna. Since the 
l o s s  res i s tance  increases  a s  the inductance increases ,  i t  is  mandatory 
t h a t  the required tuning inductance be reduced i f  reasonable antenna 
e f f i c i e n c i e s  a re  t o  be obtained. 
It has been shown t h a t  the r ad ia t ion  c h a r a c t e r i s t i c s ,  f o r  a 
spec i f ied  radiated power, a r e  independent of antenna height .  Employing 
t h i s  philosophy, severa l  antenna configurat ions were constructed,  and 
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the reactance c h a r a c t e r i s t i c s  measured. 
I n  the f i r s t  case,  d ( the length of the r ib s )  and i n  the o ther  case,  
Two basic  designs were used. 
D (determining f ac to r  of the angle from the v e r t i c a l  f o r  a f ixed r i b  
length) were each var ied i n  order t o  obtain the antenna reactance 
cha rac t e r i s t i c s .  A 100-foot umbrella antenna, using mult iple  wire 
r i b s  with D > a,  has a l a rge r  capacitance (2900 pf) than any of the 
150 f t  antenna s t ruc tu res  invest igated.  This large s ta t ic  capacitance 
can be obtained by means of the proposed u t i l i z a t i o n  of inexpensive 
supporting s t ruc tu res  (creosote poles) f o r  the r i b  support ,  and D 
would thereby be made a s  la rge  a s  s t r u c t u r a l l y  possible .  A t  l a rge r  
heights ,  a s t ruc tu re  using physical supports f o r  the umbrella r i b s  
would be even more expensive than a simple top h a t  supported by four 
large towers. By extending the tower he ights  t o  200 or  300 f e e t ,  and 
by using the maximum length f o r  1 2  r i b s  without s k i r t s  (d = 5a/7),  
capacitances of 3390 and 5740 pf , respec t ive ly ,  can be obtained, 
(See Table 1, and use a l i n e a r  sca le  change). The 200-foot antenna, 
loaded i n  the specif ied manner, y ie lds  only s l i g h t l y  more capacitance 
than the heavi ly  loaded 100-foot s t ruc ture .  The 300 foot  antenna 
with large diameter r i b s  produces an almost 2 : l  increase i n  capaci-  
tance over the 100 foot  antenna, which r e s u l t s  i n  a large improvement 
in  over -a l l  e f f ic iency  because the l o s s  res i s tance  decreases with 
required tuning inductance ( in  the order of 1 2  mh), and because the 
r ad ia t ion  res i s tance  increases with the increase i n  height .  
After  considering the cost-performance c h a r a c t e r i s t i c s  of severa l  
d i f f e r e n t  antenna configurat ions,  the 300 f t  umbrella antenna design 
which had the l a r g e s t  r i b s  diameter(9 i n  ) w a s  se lec ted  as  a t ransmit t ing 
67 
antenna. The cos t  was, of course, somewhat higher than the other 
s t ruc tu res ,  but i t  was f e l t  t h a t  the t a l l e r  antenna would have much 
b e t t e r  coupling e f f ic iency  and a more r e l i a b l e  and predictable  rad ia t ion  
pa t te rn .  
The antenna f i n a l  design cons is t s  of a 300-foot tower (3 f t  t r i-  
angular cross-section) top-loaded as shown i n  Fig. 18. Each r i b  i s  
constructed of a multiple-wire configuration, which i n  turn cons is t s  
of s i x  wires equally spaced on nine (9) inch p l a s t i c  spacers,  as  
shown i n  Fig. 19. This pa r t i cu la r  configuration i s  employed t o  increase 
the e f f e c t i v e  r i b  diameter so t h a t  a l a rge r  over-al l  antenna area and 
a grea te r  capacitance can be obtainec!. P a r a s i t i c  inductance is  increased 
somewhat by t h i s  configuration; however, it should be negl ig ib le  i n  
t h i s  case s ince  the t o t a l  length of each r i b  i s  only a f r ac t ion  of a 
wavelength . 
Receiving Antenna 
The receiving antenna requirements a re  l e s s  severe than those of 
the t ransmit t ing antenna a t  VLF frequencies. Since the ambient atmos- 
pheric noise  i s  much grea te r  than the inherent noise  introduced by the 
rece iver ,  the SNR i s  establ ished on the basis  of the atmospheric noise,  
independent of the receiver  cha rac t e r i s t i c s .  The e f f ic iency  of the 
receiving antenna is  thus of minor importance, s ince both the noise  
and the s igna ls  a r e  reduced i n  the same proportion fo r  any given 
ef f ic iency  f o r  non-directional antenna systems. 
of the antenna i s  t h a t  the e f f ec t ive  height ,  or aper ture ,  be la rge  
enough t o  ensure t h a t  the  received s igna l  i s  above the rece iver  sens i -  
The only requirement 
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Antenna Rib Wires, 
and D = a. 
Insula tor 
2 
Vertical Radiator 
Fig. 18--An umbrella antenna design (2). 
d = 5a/7 
6 9  
Fig. lg--Multiple-wire rib configuration. 
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t i v i t y  f o r  a s u f f i c i e n t  SNR. 
The receiving antenna usual ly  employed i n  such inves t iga t ions  i s  
a standard whip antenna of about 3 meters physical he ight  and 0.3 cm 
t o  100 cm of e f f e c t i v e  height .  I f  both the f i e l d  s t rength  and the 
receiver  s e n s i t i v i t y  are known, a compromise can be n-~ade t o  obtain an 
antenna s t ruc tu re  which w i l l  s a t i s f y  a l l  requirements. 
Since the SNR i s  set  independent of the receiving system, d i r e c t i v e  
'I 
" .i 
ar rays  a re  of considerable importance, because the t o t a l  noise  received 
i s  reduced, thereby y ie ld ing  higher  SNR'S, Loop and wave antennas have 
been u t i l i z e d  i n  c e r t a i n  appl ica t ions  t o  some advantage; however, 
ne i the r  the small e f f e c t i v e  he ight  of the loop antenna, nor the la rge  
physical dimensions of the wave antenna are des i r ab le  f o r  the present  
system requirements. For fu ture  requirements the loop antenna might 
possibly have some appl ica t ions ,  even though the e f f ec t ive  height  i s  
very small. 
E f fec t  of F i n i t e  Ground Conductivity on 
Antenna Radiation Charac te r i s t ics  
I n  the foregoing discussion of the r ad ia t ion  c h a r a c t e r i s t i c s  of 
a shor t  d ipole ,  the ea r th  w a s  considered a f l a t  per fec t  conductor. 
While t h i s  assumption may be s a t i s f a c t o r y  i n  some cases ,  the e f f e c t  
of a f i n i t e  conducting e a r t h  upon the r ad ia t ion  c h a r a c t e r i s t i c s  of a 
shor t  dipole  i n  the VLF frequency range mer i t s  f u r t h e r  considerat ion.  
The major e f f e c t  of the f i n i t e  conductivity of the ea r th  upon the 
r ad ia t ion  p a t t e r n  of the space wave i s  t h a t  it reduces the magnitude 
of the f i e l d ,  a t  low angles ,  from i t s  value over a pe r fec t ly  conducting 
ea r th ,  a s  shown i n  Figure 20. The funct ional  parameter n i s  
12 
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F. = 15 n= co r 
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1 2  
Fig.  20a--Vertical r ad ia t ion  pa t t e rn  f o r  the sky wave of a 
sho r t  dipole  located on the  surface of a f l a t  ea r th .  
0 . 1  0.2 0.4 0.6  0.8 1.0 
Normalized Magnitude 
Fig.  20b--Vertical r ad ia t ion  pa t t e rn  f o r  the ground wave of a 1 2  sho r t  dipole  located on the surface of a f l a t  ea r th .  
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3 
f 
18 10% n =  
‘MHZ‘r 
where 
E i s  the r e l a t i v e  d i e l e c t r i c  constant ,  
fMHz i s  frequency i s  megacycles, and 
r 
G is  the ea r th  conductivity i n  mhos per  cm. 
The reduction i n  f i e l d  magnitude is  caused by the rap id  changes 
of the ground r e f l e c t i o n  coe f f i c i en t  f o r  angles near  the pseudo- 
Brewster angle, which i s  a function of ea r th  conductivity.  A t  angles 
of incidence below the pseduo-Brewster angle,  the phase of the r e f l e c -  
t i o n  coe f f i c i en t s  i s  approximately zero,  and a t  angles above it i s  
180 degrees. Thus, the r e f l ec t ed  wave tends t o  cancel the propagated 
wave below the pseudo-Brewster angle,  and tends t o  re inforce  the pro- 
pagated wave above the angle.  I f  an average value i s  assumed f o r  
E ~ ,  and i f  a frequency of 20 kHz i s  considered, with conduct iv i t ies  
ranging f r m  1 x mho/cm (poor) t o  2 x mho/cm (average), 
then 
6 - < n - < 120,  
where cr = 15. 
d i f f e r e n t  conduct iv i t ies ,  and these values of n w i l l  not vary 
appreciably a s  a function of the d i e l e c t r i c  constant .  It is  apparent 
t h a t  the e f f e c t  of the f i n i t e  conduct ivi ty  i s  t o  reduce the  s igna l  
The d i e l e c t r i c  constant  i s  reasonably s t a b l e  f o r  
h 
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s t rength  a t  low angles f o r  these values of n, a s  indicated i n  Figure 20. 
The reduction of f i e l d  s t rength a t  l o w  angles indicates  t h a t  the selec- 
t ion  of the t ransmi t te r  locat ion i s  extremely important f o r  long range 
space wave cmmunications, which require  rad ia t ion  a t  low elevat ion 
angles. Whenever possible ,  a s i te  having high conductivity i n  the f i r s t  
few wavelengths from the antenna should be se lec ted  i n  order t o  minimize 
t h i s  e f f e c t .  
I n  t h i s  pa r t i cu la r  system, the communications path i s  approximately 
320 km, which is r e l a t i v e l y  shor t .  The angle of incidence measured 
from the hor izonta l  i s  of the order of 25 degrees, i f  a mean height 
of 75 km i s  assumed for  the ionosphere. Since the lowest conductivity 
for  any port ion of the proposed propagation path i s  3 x 
(n = 180). 
wave pa t t e rn  w i l l  be l e s s  than 25 degrees. 
the f i n i t e  conductivity of the e a r t h  w i l l  a l t e r  the radiated re f lec ted  
sky wave magnitude only s l i g h t l y  over the proposed propagation path. 
mhoslcm, 
+ 
the angle of e levat ion of the v e r t i c a l  rad ia t ion  space 
This f a c t  indicates  t h a t  
The magnitude of the ground wave radiated from the v e r t i c a l  rad ia tor  
is a l s o  dependent on the f i n i t e  conductivity of the ear th .  For large 
values of n (low frequencies and good conductivity),  the unattenuated 
radiated ground wave is  very small, except near grazing angles near 
the ear th ' s  surface.  For smaller values of n ,  the unattenuated ground 
wave has an appreciable value a t  higher angles,  as  shown i n  Figure 19. 
The a t tenuat ion  of the ground wave received a t  a remote point  on a 
f l a t  ea r th  i s ,  thus,  a function of the ea r th  conductivity.  This e f f e c t  
*FCC Map of Ground Conductivity i n  the United S ta tes .  
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of the ear th ' s  conductivity on ground wave s igna l  s t rength  is ,  however, 
accounted fo r  i n  the ca lcu la t ion  of the a t tenuat ion  fac tor .  
Wait and C ~ n d a ~ ~  have t rea ted  the problem of the e f f e c t  of the 
e a r t h  conductivity on the antenna rad ia t ion  pa t t e rn  of a v e r t i c a l  
r ad ia to r  Over a curved lossy surface.  This invest igat ion ind ica tes  
t ha t  the Over-all e f f e c t  of the curved lossy surface can be included 
i n  the ca lcu la t ion  of the  f i e l d  s t rength  as  a mul t ip l ica t ive  cor rec t ion  
fac tor .  The modification of the radiated antenna pa t t e rn  can be 
described i n  terms of a "cutback-factor," Cf .  This f ac to r  can be 
described as  
Cf = 1 + Rgll 
f o r  i > 5' which i s  of i n t e r e s t  t o  the study. R i s  the complex 
plane wave r e f l e c t i o n  f o r  v e r t i c a l  po lar iza t ion  a t  the ground which 
has been studied by many workers. 2,12 
g gll 
The launching loss i s  a l s o  
defined i n  terms of the t e r r i a n  "cutback factor"  a s  
L t  = -20 Log10 C f .  
(47) 
(48) 
A t yp ica l  curve of launch loss as  a function of launching angle is 
presented i n  Fig. 21  fo r  a frequency of 20 kHz. 
It is  in t e re s t ing  t o  note t h a t  t h i s  e f f e c t  i s  a d i r e c t  r e s u l t  
of the curvature and conductivity of the  ear th .  Hence, the sky 
wave f i e l d  i n t e n s i t y  i s  reduced under some conditions by being propa- 
pagated Over a lossy curved surface,  and Equation ( 4 )  can now be 
30 
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0 = 4 x mho/,, cr = 4 ( P O O r  land) 
= 5 x mho/,, ~ ,=15 (Average land) 
o= 4mho/,, cr=8O (sea water) 
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Launching Angle, i g' degrees 
Fig. 21.--Magnitude of launching l o s s  f o r  f = 20 kHz 
as a function of launching angle. 
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modified a s  
J 
J 
..I 
I .  1 1 
: 1  
s I F  I G t ( i g )  
where C f t  = cutback f a c t o r  a t  the t ransmit t ing locat ion 
and 
of each cutback f ac to r  must be included i n  the equation f o r  t o t a l  
C f r  = cutback f ac to r  a t  the receiving loca t ion ,  and the phase 
phase s h i f t .  Equation (49)  descr ibes  the v e r t i c a l  e l e c t r i c  f i e l d  
s t rength  of the mth r e f l ec t ed  wave a s  would be received by an 
antenna located on the e a r t h ' s  surface.  
Ionospheric Convergence Factor  
Another geometrical phenomenon t h a t  tends t o  reduce the  e f f e c t i v e  
sky wave f i e l d  s t rength  i s  related t o  the fundamental spreading 
property o r  inverse square law of propagated waves. 
f i e l d  propagates from the  t ransmit t ing antenna, the wave f ron t  i s  spheri-  
c a l  i n  nature  with a radius  of curvature equal t o  the dis tance t raveled,  
and the i n t e n s i t y  of the wave decreases with increasing d is tance  because 
the power per  u n i t  s o l i d  angle i s  spread Over a correspondingly l a r g e r  
surface area.  I f  the wave i s  r e f l ec t ed  from a f l a t  mir ror - l ike  surface,  
the wave f ron t  continues t o  diverge; however, i n  the case of the curved 
ionosphere, i t  may continue t o  diverge o r  it may even converge a t  l a r g e r  
A s  an electromagnetic 
dis tances .  This e f f e c t  can be corrected i n  a manner similar t o  the 
"cutback factor"  where the f i e l d  s t rength  magnitude i s  a l t e r e d  t o  
account f o r  the e f f e c t .  
and an example of t h i s  work f o r  a one skip o r  hop r e f l e c t i o n  i s  
presented i n  Fig. 22 f o r  f = 3OkHz. It is  evident  from t h i s  curve 
Norton34 has t r ea t ed  t h i s  problem extensively 
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34 Fig. 22.--Convergence factor versus distance. 
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t h a t  a t  the d is tances  involved here (200 m i l e s  o r  320 km), the e f f e c t  
of the convergence f a c t o r  i s  almost negl ig ib le .  
Calculation of Tota l  F i e ld  Employing 
both Ground and Skywaves 
The t o t a l  v e r t i c a l  e l e c t r i c  f i e l d  propagated Over the 200 m i  (320 km) 
path can be ca lcu la ted  from (1) i f  the  various amplitude and phase modi- 
f i c a t i o n  terms are included when appropiate t o  the spec i f ied  condition. 
This can bes t  be accomplished by f i r s t  ca l cu la t ing  the  ground and sky 
wave components separa te ly  before a composite so lu t ion  i s  attempted. 
Using t h i s  approach, the magnitude of t he  ground wave f i e l d  c o n t r i -  
bution can be expressed i n  terms of rad ia ted  power from (2) and (20) 
a s  
pv/m . 
Equation (50) can be expressed i n  dec ibe l  form which w i l l  szmplify the 
ca l cu la t ion  of /E I ; hence, 
g 
lEgl (db, lpV/m) = 75.4 4- 20 Log A 3. 10 Log Pr - 20 Log Lg (51) 
where the  f i e l d  s t r eng th  i n  db is  referenced t o  1 pV/m. I f  a propa- 
ga t ion  d is tance  of 200 m i  i s  assumed f o r  a rad ia ted  power of 1 w a t t ,  
then (51) becomes 
lzgl (db, 1 pV/m) = 29.4 + 20 log  A. 
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The value of A, the ground a t tenuat ion  f ac to r ,  can be obtained from (3) 
This f ac to r  or from avai lab le  curves i n  Jordon, Watt, o r  Norton. 
35 Since may a l s o  be obtained from Wait's surface impedance concept. 
the conductivity va r i e s  by a f ac to r  of about 2(6 t o  3 x lom3 mho/m) 
Over the propagation path, a median value of 4 x 10 
i n  the ca lcu la t ion  of ground wave f i e l d  in t ens i ty .  Additional calcula-  
t ions of f i e l d  in t ens i ty  over the 200 m i  path are  presented s o  t h a t  
the e f f e c t  of reduced conductivity can be obtained. 
2 1  12  18 
-3 mho/m i s  used 
The Gold H i l l  
S ta t ion  i s  located on a geological boundry between a p l a in  and mountainous 
region (the Piedmonts), and as  a consequence, the geology va r i e s  g rea t ly  
i n  t h i s  region. 
content of mica i n  the clay s o i l ,  and the ac tua l  conductivity a t  
This pa r t i cu la r  s i t e  appears t o  have a f a i r l y  high 
the t ransmi t te r  i s ,  i n  a l l  likelyhood, lower than t h a t  an t ic ipa ted .  
The probable conductivity i s  somewhat between t h a t  of rocks (10-8mho/m) 
and dry ground ( 1  x mho/m) . This w i l l  c e r t a in ly  influence the 
over-al l  propagation on the "down-path," (Gold H i l l  t o  Fairhope) 
because the conductivity i n  the immediate v i c i n i t y  of the t ransmit t ing 
antenna has a major influence i n  the radiated power. 
Table 2 ,  the magnitude of the ground wave f i e l d  in t ens i ty  f o r  the 
"down-path" i s  
Thus, from 
*FCC Map f o r  Ground Conductivity i n  the United S ta tes .  
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MAGNITUDES OF PROPAGATED GROUND WAVE FIELDS OVER 
THE 200 M I  PATH FOR DIFFERENT CONDUCTIVITIES.* 
Quantity Frequency and Conductivity 
20kHz 
4x lo'%& o /m 
A 0.99 0.71 0.1 
@A -50' -85' -goo 
n 220 5 0.6 
Constant (52) 29.4db 29.4db 29.4db 
20 Log A -1. Odb -3.0db -20. Odb 
lEgl (db2 l w / m )  28.4db 26.4db 9.4db 
IFg{ vv /m 26.3p.V 21. opv 2.95pv 
* 
er 15 and P, = 1 w a t t .  
81 
or  
5.9 pV/m < lEgl < 27 pV/m 
and t h a t  of the  "up-path" i s  
lEgl C 28(db, lpV/m) 
or  
(53) 
(Eg I 27 pV/m 
f o r  1 w a t t  r ad ia ted  power a s  ca lcu la ted  f o r  f = 20 kHz. This frequency 
i s  used because almost a l l  the ava i l ab le  da ta  i s  measured or  ca lcu la ted  
i n  t h i s  region. The e f f e c t  of the poor conductivity upon the r ad ia t ion  
c h a r a c t e r i s t i c s  of a v e r t i c a l  monopole i s  q u i t e  evident from Fig. 20 
f o r  the  ca lcu la ted  values of n a l s o  given in Table 2. 
The magnitude of the  sky-wave f i e l d  cont r ibu t ion  can be obtained 
from the summation of the  s ing ly- ref lec ted  
multiple-hop or  mul t ip l e - r e f l ec t ion  waves which have s i g n i f i c a n t  mag- 
nitudes.  
wave and a l l  poss ib le  
Hence, the  mth-hop sky wave i n t e n s i t y  from (49) i s  
or  
82 
or  
l ~ s , m l  (db, 1pV/m) = 75.4 + 10' Log Pr - 20 Log L,,, + 20 Log G t ( i g )  
+ 20 Log % + 20 Log Dm+ 20 Log Cos(ig) 
+ 20 Log c f t  + 20 Log G f r *  (55) 
An example of the ca lcu la t ion  of the sky wave f i e l d  contr ibut ion 
f o r  a 200 m i l e  path with a radiated power of 1 watt  i s  given as  follows. 
(The single-hop f i e l d  contr ibut ion (m = 1) is  determined). For t h i s  
ca lcu la t ion ,  the f i r s t  parameters t o  be determined a re  ig, the angle 
of incidence a t  the ea r th ,  and @, the angle of incidence a t  the iono- 
sphere, as  defined i n  Fig. 4. From Pig.  23, cos@ is 0.435 a t  the 
approximate height  of 75 km, which is  the average height  of the apparent 
r e f l ec t ion  surface of the ionosphere a t  VLF frequencies. Then, @ c 640. 
From Fig. 24 ig 2 22O,the t i m e  delay,  which can be obtained from 
Fig. 25 is  approximately 175 psec. Now, since ve loc i ty  of propagation 
i s  vo = distance/t ime, then the sky wave path i s  longer than the 
ground path by 
nTv0 = 175 x x 186 x lo3 33 m i .  @% 
Then 
N 
Lg + fig - 233 m i .  L s , 1  
83 
Distance la 
1.0 
0 .5  
0.4 
8 
m 
0.3 
0.2 
20 40 60 100 200 
I I I I 
d i s  t anc e 
i = O  
0 . 1  I I I I I I I 1  1 1  
0.2 0.4 0.6  1.0 1.4 2.0 
Distance, Mm 
Fig .  23  --Cosine of the angle of incidence of the wave 
a t  the ionosphere vs  dis tance between t rans-  
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Fig.  24.--The angle of a r r i v a l  of the wave above the 
surface of the ea r th  versus d is tance ,  
be tween t ransmit ter  and rece ive r  . 18 L R ’  
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The v e r t i c a l  antenna pa t t e rn  f ac to r  f o r  a sho r t  v e r t i c a l  dipole  (which 
is  assumed symmetrical i n  azimuth) i s  
from (21) where ig i s  measured from the horizontal .  The magnitude of 
t h i s  f a c t o r  i s  
G ( i  ) f cos 220 = 0,926 t g  
and the magnitude of the l o s s  f ac to r  due t o  the e l e c t r i c  f i e l d  not  
being v e r t i c a l  i s  a l so  
cos(ig) 2 cos 22' = 0.926 . 
The convergence f ac to r  D1 can be determined from Fig. 22 and it i s  
almost negl ig ib le  as  would be expected Over t h i s  shor t  dis tance 
(20 log D1 
important even a t  shor t  dis tances  i f  the conductivity i s  low, 
0 . 3  db). The launching f ac to r ,  which becomes qui te  
(59) 
cannot be determined from Fig. 21  because ig>150. 
be used t o  ca lcu la te  the launching f ac to r  d i r e c t l y  using the magnitude 
and phase of the f l a t - e a r t h  r e f l e c t i o n  coe f f i c i en t  from Terman's 
Radio Engineering Handbook or from Watt.I8 These fac tors  a r e  
However, (48) can 
f -0 .3(F = 1.94) and 'f' Fairhope 
nl - -0.4(F = 1.91) 
'f, Gold H i l l  
I 
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where R L' 0 . 9 4 a 0  f o r  6 x mho/m and R e 0.9110 f o r  3 x 
mho/m. 
81 I gll 
The ca lcu la ted  launching l o s s  f o r  a conductivity of 
mho/m decreases t o  approximately -3.0db (Rgll 0.3,&'). The decrease 
means t h a t  the  power output of a t r ansmi t t e r  a t  t h i s  loca t ion ,  f o r  
example, is  reduced by a f a c t o r  of one-half, which i s  a d r a s t i c  reduction 
of ave r -a l l  e f f ic iency .  
The eva lua t ion  of t he  ionospheric c o e f f i c i e n t  of r e f l e c t i o n  i s  
not s o  straight-forward. One approach i s  t o  employ a theo re t i ca l ly -  
determined value of r e f l e c t i o n  c o e f f i c i e n t  and phase angle f o r  a 
given frequency and time being s tudied ,  which can be cor re la ted  t o  
the e x i s t i n g  experimental data. This approach can be r a t h e r  complex 
i f  a l l  components (ac tua l  and connected) of the  multiple-hop wave a r e  
included. A simple so lu t ion  can be obtained which does not  include 
the conversion e f f e c t s  of the inc ident  wave upon r e f l e c t i o n  as  indicated 
e a r l i e r  i n  ( 4 ). 
average ionospheric he ight  of 75 km, the  magnitude of the  sky wave 
f i e l d  components can be evaluated f o r m  = 1 from the r e f l e c t i o n  
c o e f f i c i e n t  R and phase from Fig. 5. The magnitude and phase of 
the  single-hop sky wave f i e l d  i n t e n s i t i e s  as w e l l  as the mul t ip le -  
hop cases of m = 2 and 3 a r e  presented i n  Table 3. The parameters 
used f o r  the determination of the sky wave components are indicated 
f o r  c l a r i t y  i n  Table 4. It i s  evident from the va lues  of the  ind i -  
v idua l  sky wave f i e l d  cont r ibu t ions  (m = 1, 2, and 3), t h a t  the s ing le-  
hop f i e l d  s t r eng th  predominates. Therefore, i n  the  subsequent calcu- 
l a t i o n  only the single-hop f i e l d  w i l l  be used. 
For the 200 m i  path with f assumed a t  20 kHz and an 
II II 
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TABLE 3 
MAGNITUDE OF INDIVIDUAL SKY WAVE XIELD 
COMPONENTS (Pr = 1 w a t t ,  E, 15) 
Quan t i t y  m = l  2 3 
Cons tan  t ( 53) 75.4 db 75.4 db 75.4 db 
10 log P, 0.0 0.0 0.0 
20 log Ls,m -47.4 -48.2 -52.0 
20 log Gt(ig) -0.6 -3.0 -8.1 
20m log R -17.7 -61.0 -113.0 II II 
20(m-1) log Rg(1 0.0 0.0 0.0 
20 log Dm -0.3 0.0 0.0 
20 log C O S  (ig) -0.6 
20 log  C f t  -0.3 
20 log Cf, -0.4 
-3.0 
-0.3 
-0.4 
-8.1 
-0.3 
-0.4 
-3 -ft ‘ Fairhope = 6 x 10-3mho/m and OGo1d Hill = 3 x 10 mho/cm. 
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TABLE 4 
PARAMETERS FOR CALCULATION OF SKY WAVE 
COMPONENTS OF TABLE 3. (f = 20 kHz) 
I 
Quan t i t y  
~~ 
m = 1  m = 2  m = 3  
@ 64’ 
22O 
175p.s 
33 m i  
233 m i  
0 .935  
0 . 9 3 5  
0.14 
-3OO 
1 
O0 
4 5 O  
45O 
2oops 
64mi 
264mi 
0.707 
0.707 
0.03 
220 
1 
O0 
220 
67’ 
3501.15 
186 mi 
386 mi 
0 . 3 9  
0 .39  
0 . 0 1 3  
95O 
1 
O0 
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The phase of both the ground wave and composite sky wave must be 
determined. 
zero , then 
Since the launching f ac to r  phase delay is  approximately 
The phase d i f fe rence  between the terms on the r i g h t  of each 
equation i s  the r e l a t i v e  phase between the ground and sky waves, 
which i s  referenced t o  the antenna cur ren t .  Using these equations and 
the r e s u l t s  of Tables 2 ,  3, and 4,  the t o t a l  v e r t i c a l  e l e c t r i c  f i e l d  
a t  a terminal end of the propagation i s  
where cu i s  the operating radian frequency (b20kHz) and pL is phase 
delay of the wave due t o  the propagation path.  
g 
This approximate ca lcu la t ion  is  based upon the basic  rec iproca l  
property of the two paths and the assumption t h a t  the parameters a re  
not  extremely sens i t i ve  t o  frequency, s ince  20 kHz w a s  employed f o r  
the ca lcu la t ion .  These assumptions a r e  va l id  and (63) i s  a reasonably 
accurate measure of the expected f i e l d  s t rength  f o r  a radiated power 
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of 1 w a t t .  It is  qu i t e  evident  from (63) t h a t  the f i e l d  i n t e n s i t y  i s  
predominately the ground wave a t  t h i s  sho r t  d i s tance .  Hence, even i f  
the launching factor\ i s  influenced by a poor conduct ivi ty  a t  the Gold 
H i l l  S t a t ion ,  the t o t a l  f i e l d  s t r eng th  w i l l  no t  be a f f ec t ed  by the sky 
wave f i e l d  component t o  any major degree. However, the magnitude of 
the ground wave could be decreased severely i f  the conduct ivi ty  of the 
Gold H i l l  S t a t ion  a f f e c t s  the ove ra l l  average path conduct ivi ty  by an 
order of magnitude o r  more. The s m a l l  magnitude v a r i a t i o n  which w i l l  
be induced by the sky wave w i l l  vary by a la rge  amount during the course 
of a year ,  as evident from the experimental da t a  f o r  the r e f l e c t i o n  
coe f f i c i en t  i n  Fig. 5. The magnitude of the d iurna l  phase v a r i a t i o n  
w i l l  be qu i t e  s m a l l  i f  the  r e s u l t s  of (63) are reasonably v a l i d .  
2.54 < 60 Qd < arc t an  -26.3 
o r  less than 1 ps i n  t i m e  a t  20 kHz. It should be noted t h a t  i f  a 
study devoted exclusively t o  the space wave, r e f l ec t ed  from the iono- 
sphere,  i s  performed a t  a la te r  t i m e ,  the  required t ransmit ted power 
w i l l  increase somewhat o r  ove ra l l  e f f ic iency  must be improved. 
The f i e l d  s t rength  ca lcu la ted  from (63) i s  shown on a p l o t  of 
16 the f i e l d  s t r eng th  as a funct ion of d i s tance  from Pierce’s  equation, 
6 
t 
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where 
81 is the  angular dis tance i n  radians , 
Pr is i n  k i lowat t s ,  
and 
f i s  i n  k i loHer tzs  i n  Fig.  26. 
This equation w a s  used i n  the sec t ion  on s ignal- to-noise  requirements 
t o  e s t a b l i s h  a bas i s  f o r  minimum communication conditions.  The equation 
is  a modified f o m  of the "Austin-Cohen" formula, which w a s  developed 
on a semi-empirical bas i s  t o  f i t  experimental r e s u l t s  f o r  long propa- 
36 
gat ion d is tances .  
Tuning Inductance 
The input impedance of an e l e c t r i c a l l y  shor t  v e r t i c a l  antenna is 
almost e n t i r e l y  a capac i t ive  reactance of large magnitude, as indicated 
previously (See Fig. 11). Thus, t o  e s t a b l i s h  any s i g n i f i c a n t  magnitude 
of cur ren t  d i s t r i b u t i o n  on the antenna, la rge  vol tages  a re  required,  as 
indicated i n  Fig. 14. Top-loading of the antenna s t r u c t u r e  of course, 
minimizes t h i s  high vol tage  by decreasing the magnitude of the reactance.  
However, i n  almost every case,  the capac i t ive  antenna i s  tuned f o r  
resonance with an ex terna l  inductance whereby the la rge  vol tages  required 
fo r  appreciable power outputs a r e  generated by resonant cur ren t  flow. 
In  a ser ies- tuned antenna c i r c u i t  s i m i l i a r  t o  t h a t  of Fig. 10, the 
high vol tage  requirement i s  eliminated; but ,  the cur ren t  capaci ty  of 
the dr iv ing  source may be qu i t e  l a rge  because the input impedance is  
e s s e n t i a l l y  t h a t  of the r e s i s t i v e  lo s ses  (on the order of 3 t o  5 ohms 
depending on the system). To circumvent any high source cur ren t  
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Fig.  26.--Field s t rength  as a funct ion of d i s tance  f o r  a 
rad ia ted  power of 1 W a t  20 kHz.16 
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requirement, a "tapped paral le l - tuned" c i r c u i t  configurat ion,  Fig.  27,  
i s  employed f o r  impedance-matching between source and antenna. The 
"tapped" inductance acts as an auto-transformer t o  transform the la rge  
e f f e c t i v e  r e s i s t ance  in  shunt with the "tuned-tank'' c i r c u i t .  A 3000 
ohm input impedance level w a s  se lec ted  f o r  design purposes using t h i s  
technique. It i s  wel l  t o  note ,  t h a t  t h i s  matching technique provides 
a ground r e tu rn  ex terna l  t o  the source f o r  l igh tn ing  pro tec t ion .  In  
addi t ion,  it i s  w e l l  t o  remember t h a t  the  vol tage on the base of the 
antenna is s t i l l  i n  the high kV range, and, hence, a corona problem 
can e x i s t .  
The a c t u a l  tuning inductor can be designed i n  a number of ways 
using low-loss l i t z  w i r e  , f e r r i t e  cores  , and s p e c i a l  winding techniques. 
I n  t h i s  appl ica t ion ,  a simple s ing le- layer  solenoid i s  employed simply 
on the bas i s  of construct ion s impl ic i ty  and economic f e a s i b i l i t y .  An 
inductance of approximately 10 mH is required t o  resonant the e f f ec t ive  
capacitance of the 300 f t  antenna with a 9 i n  r i b  diameter. Based 
upon t h i s  requirement, a s l i g h t l y  l a r g e r  s ingly- layer  inductor having 
a t o t a l  inductance of 12 mH was designed and constructed.  
The low-frequency inductance of a s ingle-  l aye r  solenoid o r  h e l i x  37 
can be obtained from the well-known expression 
Lt = Fnt 2 d i  
where L i s  tuning inductance, F i s  a magnitude f a c t o r  which is  determined 
by d i / j ,  nt  is the number of tu rns ,  d .  i s  c o i l  diameter and R i s  c o i l  
t 
1 
I 
! 
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length.  Now i f  d i / j  E 1, and d 6 f t  f o r  Lt e~ 12mH, then 
n 96 turns  . t 
I f  nt  = 96 i s  assumed, then the turns  spacings i n  a 6 f t .  length is  
The se l ec t ion  of the w i r e  diameter f o r  the spacing is  determined by 
vol tage gradient  across the c o i l ,  res i s tance  loss  i n  the wire as a 
function of sk in  depth, and the e f f e c t i v e  increase of the res i s tance  
of each tu rn  as a r e s u l t  of the adjacent  turns .  This proximity e f f e c t  
i s  caused by induced eddy cur ren ts  i n  the adjacent wires ,  and it increases 
rapidly as spacing t o  wire diameter decreases.  
i n  a 
B ~ t t e r w o r t h , ~ '  can be calculated from 
The ac tua l  res i s tance  
s ingle- layer  solenoid,  which has been s tudied extensively by 
where a,  f3, y ,  ply p2, G' and do/c a r e  numerical parameters determined 
by the geometry and conductivity of the c o i l .  Tables of the values 
a r e  given i n  Terman. 37 I f  a wire diameter of 0.5 i n  i s  assumed f o r  
a copper conductor, then 
' I  
d 
Q i  
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where Rdc can be obtained from another well-known r e l a t i o n  
I n  t h i s  case f o r  cr 2 1 . 7  x ohm, L e n  R 7 3  rn!d, ant 
copper dc 
1.4i l .  
This value of loss  res i s tance  r e s u l t s  i n  a Q of 
Q = uL/Rac 1075 fo r  f = 20 kHz. ( 7 3 )  
A 6 : l  sca le  model w a s  constructed and tes ted  t o  v e r i f y  the basic  design. 
Although s p e c i f i c  information concerning the qua l i t y  f ac to r  of the 
ac tua l  s t ruc tu re  cannot be obtained from t h i s  study, the design equa- 
t ions  perdicted measured parameters t o  a high degree of accuracy. 
The winding capacitance was very low (approximately 4pf) which in- 
d ica tes  a very high s e l f  resonance can be 
c o i l .  
ends of the 6:l s t r u c t u r e  where f lux  leakage became evident.  This means 
t h a t  the d i f fe rence  of po ten t i a l  between turns ,  V,, should be l o w  
even a t  k i lovo l t  p o t e n t i a l s ;  &.e_. , 
obtained i n  the ac tua l  
The measured vol tage gradient  w a s  almost l i n e a r  except near the 
Vbas e 
v =  nt t 
or Vt  2 260 v o l t s  
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fo r  v 
i n  the presence of a sh ie ld  or  a model of the proposed h e l i x  house t o  
= 25 kV. These r e s u l t s  of the sca le  model study were obtained 
base 
simulate a c u t a l  operating conditions.  
A bas ic  design f o r  the tuning inductor based on t h i s  ana lys i s  i s  as 
follows : 
Inductance 
Turns 
Length 
Diameter 
Wire Diameter 
Wire Spacing 
Mater ia l  
12 mH 
96 
6 f t  
6 f t  
0 .5  i n  
0.75in 
copper 
21000 
1.4Q 
This basic  design has been qu i t e  simple t o  construct  and it is 
economically f eas ib l e  i n  both construct ion time and f inanc ia l  
investment . 
(75) 
Summary of Design 
The major fac tors  which influence the design of t h i s  phase s t a b i l i t y  
study system have been discussed i n  the previous sec t ions  of t h i s  chapter .  
I f  the derived da ta  a r e  employed, a complete theo re t i ca l  descr ip t ion  
can be made once the basic  decis ions a r e  reached as t o  (1) t ransmit t ing 
antenna type,  (2) the required rad ia ted  power or spec i f i c  SNR require-  
ment, and (3) the ground system s i ze .  
As previously discussed, the antenna design employed w i l l  be a 
300 f t  multiple-wire umbrella antenna which has Rr 
and CA N 5740pf. 
0.16 mil  (he”0.5a) 
This multiple-wire r i b  construct ion increases CA 
i 
i 
1 
. 
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with only a neg l ig ib l e  decrease i n  e f f e c t i v e  he ight  f o r  a fixed r i b  
length. 
The rad ia ted  power required f o r  a 2.54O phase e r r o r  (SNR = 24 db) 
i s  approximately 100 mW. as seen i n  Fig. 6. However, the  received 
s igna l  predicted from the  summation of t he  theoretically-obtained ground 
and sky wave f i e l d s  f o r  t h i s  shor t  propagation path i s  2 db above t h a t  
predicted from Pierce's  f i e l d  i n t e n s i t y  equation.16 Thus the  a c t u a l  
t h e o r e t i c a l  SNR i s  2db higher (26db) than an t ic ipa ted .  Even with t h i s  
s l i g h t  increase i n  SNR, the  rms phase e r r o r  f o r  a sinusoid plus noise  
i s  s t i l l  g rea t e r  (about 2') than the inherent mechanical e r r o r  i n t r o -  
duced by the  f i n i t e  r e so lu t ion  of the  receiver. I f  the rad ia ted  power 
i s  increased by a f ac to r  of 10 t o  1W e f f e c t i v e  rad ia ted  power,ERP, 
then the  rms phase e r r o r  i s  reduced by a f ac to r  of 10% and 
This i s  l e s s  than the m e r - a l l  equipment induced phase fo r  a s i n g l e  
receiver.  A comparable rms phase e r r o r  which i s  introduced by a l l  
the equipment can be based on the a c c u r a c y o f k  11-15 f o r  a s ing le  
receiver.  
rms phase e r r o r  introduced by the four rece ivers  a l l  of which process 
the phase information i n  the measurement system is 
I f  64Jm of a s ing le  receiver is assumed t o  be lpsy the t o t a l  
2 
8' m2 + 2 '4J m3 + (77) 
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where 
Mmt = t o t a l  equipment induced'rms e r r o r ,  and 
Wm = equipment induced e r r o r  of the nth receiver .  
Hence, 
and the phase e r r o r  ex i s t ing  due e n t i r e l y  t o  SEJR is ,  i n  a s imi l a r  manner, 
(7 9) 
6@ = 0.6(2)% 
= 0.85' . 
P 
The ca lcu la t ion ,  (79), i s  e s s e n t i a l l y  independent of the phase e r r o r  
introduced by the two reference rece ivers  because the ex i s t ing  SNR 
i s  much g rea t e r  than t h a t  of the other  receivers .  
system phase e r r o r  is 
An estimate of t o t a l  
2 6.0, = 2 + samt)% = 1.65' . 
This corresponds t o  a system measurement accuracy of 1 p a r t  i n  220 a t  
20 kHz. On the bas i s  of these ca lcu la t ions ,  a radiated power of 1 
watt  i s  spec i f ied  f o r  the basic system design. 
From (40), i t  can be seen t h a t  the loss res i s tance  of the ground 
system does influence the over -a l l  system ef f ic iency .  In  addi t ion ,  
the curves of Fig. 1 2  ind ica te  t h a t  the ground res i s tance  is  inversely 
I 
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r e l a t e d  t o  the  ground w i r e  length o r  ground system diameter. On the 
o ther  hand, the se l ec t ion  of a ground system i s  s t r i c t l y  based upon 
a compromise between economic f e a s i b i l i t y  and transmission e f f ic iency .  
The over -a l l  cos t  increases rap id ly  with increased system diameters 
f o r  a low value  of R 
and copper cos ts .  
longer than about 500 f t  , the relative decrease in % becomes much 
smaller f o r  a given increase i n  length. A 500 f t  r a d i a l  ground wire 
system of 120 w i r e s ,  which requi res  on the  order of 30 ac res ,  was  speci-  
f i e d  t o  reduce ground power lo s ses  t o  a minimum, based on ove r -a l l  
cos t .  Thus, from Fig. 12, 
as a r e s u l t  of the increased required acreage 
g' 
It should be noted t h a t  f o r  ground w i r e  lengths 
R 0.350 @ 500 f t .  length 
g 
1 
f o r  a 300 f t .  antenna s t ruc tu re .  From (40) ,  the e f f i c i ency  i s  
x 100% T I =  16m 
16mn + 1.4 I- 0.35 
0.9% 
where RAY t he  antenna s t r u c t u r a l  loss i s  assumed t o  be neg l ig ib l e .  
From (81), the  required power input Pi t o  the  antenna system f o r  
1 W  ERP is  
p = 100Pr/q = l l l w a t t s  
i 
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A transmitter output capability of 2kW was specif ied t o  meet the power 
input requirement calculated i n  (82) and t o  supply additional power 
input as might be required a t  some la ter  time. 
These design parameters for  the basic propagation problem related 
t o  th i s  phase s t a b i l i t y  measurement system are summarized i n  Table 5. 
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TABLE 5 
DESIGN PARAMETERS FOR PHASE STABILITY STUDY SYSTEM 
Electrical Characteristics 
Parameter Value 
Power Input 
Power Radiated 
Radiation Resistance 
Antenna Efficiency 
Ground Res is tance 
Tuning Coil Resistance 
Tuning Inductance 
Received Field Intensity 
SNR (Phase Loop) 
Phase error (rms) 
2kW 
1w 
16 mil 
0.9% 
0.350 
1 -40 
1 2mH 
24 r.lv/m 
36 db 
1.65O 
1 
d 
1V. CONSTRUCTION AND EVALUATION OF 
THE PROPAGATION SYSTEM 
The engineering design of t h i s  transponder propagation system did 
not requi re  a tremendous f inanc ia l  ou t lay .  However, a l a rge  monetary 
investment, a v a s t  number of man hours, and many i t e m s  of equipment, both 
of commercial and "in house" design, have been used o r  expended on the 
bas i s  of t h i s  design i n  the  f ab r i ca t ion  of t h i s  complex propagation 
system. The design and cons t ruc t ion  has been spread over several 
years,  p r i n c i p a l l y  because of the time required t o  purchase, f ab r i ca t e ,  
instrument, and tes t  t h i s  expensive and physically la rge  s t r u c t u r e  
outs ide  i d e a l  laboratory conditions.  
The ove r -a l l  development of t h i s  system has involved many var ied  
systems and sub-systems which were required f o r  opera t iona l  i n t e g r i t y .  
A simple "doubly-redundant" log ic  system together with i t s  associated 
coders and decoders w a s  constructed t o  remote-control the t ransmi t te r  
s t a t i o n s  over cammercial phone l i n e s  i n  conjunction with "data-phone" 
s e t s .  Automatic coding devices f o r  amplitude modulation of the 
s t a t i o n  c a l l  s igns  on the t r ansmi t t e r  outputs were constructed,  and 
these u n i t s  are used i n  conjunction with spec ia l ly  designed diode 
switches f o r  modulation purposes. Various extremely narrow-band 
notch and band-pass f i l t e r s  have been developed f o r  s igna l  processing 
a t  both s t a t i o n s .  A l l  these ,  and many more sub-systems and r e l a t e d  
design techniques w e r e  required f o r  an operational propagation system. 
However, these design problems are of a support na ture  only, and conse- 
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quently,  they are no t  of any s i g n i f i c a n t  importance t o  t h i s  study. 
The a c t u a l  f ab r i ca t ion  and e rec t ion  of the  two 300 f t ,mu l t ip l e -  
wire r i b ,  umbrella antennas w a s  ccmpleted under the d i r e c t i o n  of 
Andrews Tower, Inc., Fo r t  Worth, Texas. The s i t e  cons t ruc t ion  w a s  
accomplished i n  two phases a f t e r  the  s t a t i o n  land w a s  cleared. F i r s t ,  
the 500 f t ,  120-wire (No. 10 copper), ground system and the  tower 
supports (base and "dead-men") were i n s t a l l e d .  Then, the tower 
and r i b  sec t ions  w e r e  constructed and erec ted  a t  the s i t e .  The Gold 
H i l l  t r ansmi t t e r  s t a t i o n  i s  shown i n  Fig. 28. This view i s  almost 
d i r e c t l y  South, and the d i r e c t i o n  of propagation i s ,  i n  t h i s  case,  
Southwest. The complete antenna s t r u c t u r e  w a s  made according t o  
the e l e c t r i c a l  design of Chapter I11 with the exception t h a t  a l l  
i n su la to r s  were designed f o r  50 kV i n  an t i c ipa t ion  of poss ib le  changes 
i n  power-output requirements. Figs.  29 and 30 i nd lca t e  the cons t ruc t ion  
techniques u t i l i z e d  i n  the f ab r i ca t ion  of a multiple-wire r i b .  
v e r t i c a l  view of the antenna s t r u c t u r e  from the tower base which gives 
a b e t t e r  perspective of the  umbrella-type cons t ruc t ion  i s  shown i n  
Fig. 31. I n  addi t ion ,  a view of the instrumentation t r a i l e r  a t  the 
Gold H i l l  S t a t ion  which houses the tuning c o i l ,  t ransmi t te r ,  and remote- 
con t ro l  equipment i s  shown i n  Fig. 32. 
A 
The s t a t i c  capacitance of the  two fu l l - sca l e  antennas w a s  measured 
a t  1 kHz with a capacitance bridge. These measured values are 
i 
i 
i "  i 
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Fig. 29--Tenninal cons t ruc t ion  f o r  the mul t ip le -wire  
r i b s .  
Fig. 30--Spacer cons t ruc t ion  f o r  the multiple-wire 
r i b s .  
I 
i 
" i  
1 
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Fig. 31.--Vertical view at the antenna base showing umbrella 
construction. 
Fig. 32.--Instrumentation trailer at Gold Hill station housing 
tuning coil, transmitter, and remote control equipment. 
10 9 
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A comparison of the sca l e  model and calculated data  f o r  an 
umbrella antenna with % i n  r i b  diameters ind ica tes  about a 16 percent 
d i f fe rence  (see Table 1, nos. 18 and 19, and (43)). Gangi, -. e t  a l .  
has shown t h a t  accuracies on the order of 10 percent between f u l l -  
31 
sca le  measurements and calculated values can be obtained from the 
nomograms. Thus,the r e s u l t s  of t h i s  sca le  model study y i e ld  measured 
I 
values t h a t  a r e  higher than the expected measured capacitance f o r  a 
f u l l - s c a l e  s t ruc tu re .  These higher measured values f o r  the sca le  model 
study a re  a r e s u l t  of the inaccuracies of the non-ideal l a rge - ra t io  
scal ing of the ac tua l  s t ruc tu re .  The sca le  model study does, however, 
ind ica te  an increase i n  capacitance of 20 percent i f  the r i b  diameter 
i s  increased t o  9 in .  These data  more s i g n i f i c a n t l y  show t h a t  a con- 
s iderable  increase in  capacitance is  a l s o  obtained with the increase i n  
r i b  diameter as  a r e s u l t  of the comparison between the ac tua l  measured 
data  and calculated values .  The capacitance is increased about 1000 pf 
above the calculated value,  which i s  a 24 percent increase i n  t o t a l  
capacitance i n  t h i s  case. Thus, t h i s  multiple-wire construct ion can be 
used t o  considerable advantage t o  increase the e f f e c t i v e  height  of such 
s t ruc tu res  with shor te r  r i b  lengths and/or the t o t a l  capacitance can be 
increased f o r  a given antenna configuration. The e f f e c t i v e  capacitance f o r  
e i t h e r  antenna a t  the operating frequency is  reduced about 4 percent as  a 
r e s u l t  of the p a r a s i t i c  inductance. 
p le ted  s t ruc tu re  a t  the Gold H i l l  S ta t ion  measures 5812 pf (Q=525) which 
includes the added s t r a y  capacitance of the base in su la to r  and i so l a -  
t i on  transformer (CUairhope = 
The t o t a l  capacitance of the com- 
5830 pf (321.9 kHz, Q = 545). 
t 
I 8 
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N o  extensive antenna pa t t e rn  measurement have been made f o r  e i t h e r  
of the antenna systems. Ground w i r e  cur ren ts  have been measured, however, 
and constant  ground cur ren t  contours f o r  the Gold H i l l  S t a t ion  a re  shown 
i n  Fig.  33.  These contours a re  ind ica t ive  of the e l ec t r i c  f i e l d  
pa t t e rn  of the antenna s t ruc tu res  s ince  these ground cur ren ts  are 
r e l a t ed  t o  the  displacement cur ren ts  of the f i e l d s  and the magnetically- 
induced cur ren ts .  The cur ren t  d i s t r i b u t i o n  of a sho r t  v e r t i c a l  r ad ia to r  
over an idea l  ground plane i s  symmetrical i n  the r a d i a l  d i r ec t ion ,  and 
the cur ren t  decreases rap id ly  as a funct ion of d i s tance  from the base 
20 , 24 
of the antenna. These cur ren t  contours ind ica te  t h a t  the d i s t r i b u -  
t i on  i s  no t  symmetrical and t h a t  the cur ren t  contour magnitudes a r e  s m a l l  
as w e l l  as d i s to r t ed  i n  a northeastern d i r ec t ion .  This reduced cur ren t  
ind ica tes  t ha t  e l e c t r i c a l  conductivity i n  t h i s  d i r ec t ion  is  not  homogenous 
around the base of the antenna (it could be l a rge r  o r  smaller  s ince  
e i t h e r  changes the r a t i o  I wire ''ground 1. I n  t h i s  case, these smaller 
values  of cur ren t  ind ica te  t h a t  the displacement cur ren ts  a r e  s m a l l ,  
and thereby the e l e c t r i c  f i e l d  i s  smal l ,  because a local ized a rea  of 
f a i r l y  high m i c a  content  l i e s  i n  t h i s  p a r t i c u l a r  d i r ec t ion  from the 
antenna. This nonhomogeneity i n  conduct ivi ty  a f f e c t s  the propagation 
c h a r a c t e r i s t i c s  of the antenna i n  the azimuthal d i r ec t ion  by reducing 
the e f f e c t i v e  value of the unattenuated f i e l d  f i e l d  s t rength  IFs] 
more than the ground propagation constant  A. However, i n  the d i r ec -  
t i o n  of propagation, the cur ren ts  are l a rge r .  The s t ronges t  rad ia ted  
f i e l d  in t ens i ty  w i l l  probably be i n  a southernly d i r ec t ion  , i f  t h i s  
cu r ren t - f i e ld  co r re l a t ion  is  employed. 
The construct ion of the tuning c o i l  cons i s t s  of twelve grooved lami- 
"'7 
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nated oak, 2 i n  x 4 in  x 7 . 5  f t  boards equally spaced around a c i r c u l a r  
form 6 f t  i n  diameter. The grooved oak supports were sa tura ted  with 
pa ra f f in  a t  e levated temperatures t o  reduce the moisture content and 
t o  reduce and maintain the e l e c t r i c a l  conductivity f o r  a more s t ab le  
and a b e t t e r  Q. 
which was hand-wound on the forms a t  the 3/4 i n  turn  spacing spec i f ied  
The co i l  winding is  0.5 i n  diameter copper tubing 
i n  the  c o i l  design of (75). The t o t a l  inductance L of the c o i l  is 13.2mH 
and Q 95 a t  20.9kHz. This ind ica tes  a t o t a l  l o s s  res i s tance  of 18.5 ohms 
t 
and a lo s s  res i s tance  R of 17 ohms f o r  the port ion of the c o i l  required 
f o r  ac tua l  tuning (10.82 mH a t  Gold H i l l  S ta t ion) .  The measured band- 
width B of the tuned antenna and t ransmi t te r  system is  approximately 
543 Hz (Af between 3 db poin ts ) .  Now, from a wel l  known communications 
theory equation f o r  a paral le l - tuned L-C c i r c u i t ,  
I 
* 
F 
where f i s  the frequency a t  which Q i s  measured,if the Q of the capaci-  
t o r  is much g rea t e r  than t h a t  of the inductor.  This assumption is  
qu i t e  = lo5,  i f  
the ground los s  i s  considered along with the inductor loss  res i s tance .  
adequate in  t h i s  case,  Q = XA/Rr f 1600/16 x 
Since the required tuning inductance and Q of the c o i l  i s  known, then 
an estimate of the ground r e s i s t ance  can be obtained as follows: 
I 3 
3 
?Load = xL/RLoad 
* 
measurement frequency 
1 
d 
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N 
S Distance in ft 
(Hor iz on t a 1) 
Fig. 33.--Constant ground-wire current contours for Gold 
Hill Station. 
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by de f in i t i on ;  hence, 
R = 2~ x 10.82 x .21.14 kHz138.9 = 37R. 
Load='L'\oad 
Now, s ince  the t ransmi t te r  is matched t o  the res is t ive tank c i r c u i t ,  
the t o t a l  l o s s  r e s i s t ance  is 
I f  (33) i s  subs t i t u t ed  i n  (88), then 
or  
R = 1.5R 
g 
i f  the s t r u c t u r a l  l o s s  res i s tance  and r ad ia t ion  res i s tance  i s  assumed 
negl ig ib le  i n  comparison t o  both R and R . 
determined on the bas i s  of system bandwidth, i s  of the same order of mag- 
ni tude as the ground r e s i s t ances  of 2.3R (Fairhope) and 2.5R (Gold H i l l )  
which a re  spec i f ied  by the measured values  of ac tua l  Q's. 
This value of Rg, which i s  
I g 
Fig.  34 shows the feed-through insu la to r  and associated connecting 
l i n e  t o  the base of the antenna. A shunt-l ightning a r r e s t o r  can be 
seen at tached t o  t h i s  l i n e .  The RF-AC i s o l a t i o n  transformer f o r  the 
antenna l igh tn ing  system can be seen t o  the l e f t  of the tower base. 
The t ransmi t te r  i n s t a l l a t i o n ,  which cons i s t s  of (1) power ampl i f ie r ,  
(2) frequency synthes izer ,  (3) frequency standard,  and ( 4 )  ca l l - s ign  
code modulator, is shown i n  Fig.  35. These u n i t s  are located on the 
w a l l  i n  f r o n t  of the c o i l  room s o  t h a t  the RF s i g n a l  can be matched 
t o  the c o i l  Over the sho r t e s t  transmission path.  The c o i l  room cons is t s  
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Fig. 34.--View of antenna base showing feed system, l igh tn ing  a r r e s t o r  
and RF-AC i s o l a t i o n  transformer fo r  tower l i g h t s  ( l e f t ) .  
Power Amplifier (21cw) Standard, Synthesizer and Coder 
Fig.  35.--Transrnitter i n s t a l l a t i o n  i n  instrumentation t r a i l e r .  
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of a 1 2  f t  c losed-in sec t ion  of the instrumentation t r a i l e r  neares t  
the antenna tower (see Fig.  32). The remaining port ion of the t r a i l e r  
i s  used as  an instrument and equipment room and a work area.  
t ransmit t ing s t a t i o n s  have i d e n t i c a l  i n s t a l l a t i o n s  with the exception 
of the added receiving systems a t  the Fairhope Sta t ion .  
Both 
The absolute  measurement of electromagnetic f i e l d  i n t e n s i t y  
radiated from a t ransmit t ing source Over a given range with a known 
power input fo r  determination of propagation c h a r a c t e r i s t i c s  can be a 
most d i f f i c u l t  problem. 
ered in  the engineering design where not  only does the antenna and 
the propagation c h a r a c t e r i s t i c s  a f f e c t  the measurement, but the accuracy 
of the measurement equipment becomes involved. F ie ld  s t rength  measure- 
ments have been made Over the %p” and “down” paths using the receivers  
and antennas procured fo r  t h i s  study. The vol tage amplitude ca l ib ra -  
t ion  fo r  each receiver  w a s  v e r i f i e d  t o  insure accurate measurements, 
and a simple broadband whip antenna having he=0.3 cm was used t o  sample 
The problem i s  q u i t e  s imi l a r  t o  t h a t  encount- 
the v e r t i c a l l y  polarized component of the electromagnetic f i e l d .  The 
average f i e l d  s t rength  magnitude measured Over the Gold Hill-Fairhope 
path was 3.3 pv/m during the winter and spring of 1968. A v a r i a t i o n  of 
a f ac to r  of three above and below t h i s  measured amplitude was observed. 
The f i e l d  s t rength  of the Fairhope-Auburn path was measured somewhat 
higher on the average, about 10.5 pv/m (measured vol tage O.O317pv), 
with about the same amplitude v a r i a t i o n  during the same period. 
values a r e  somewhat lower than the predicted values f o r  the mean con- 
duc t iv i ty  of the path; the e r r o r  i n  both cases i s  approximately -17.2db 
(1 t o  7.3) and -7.2 db  (1 t o  2.28) respect ively.  Some of t h i s  e r r o r  
These 
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may be a t t r i b u t e d  t o  the spec i f ied  e f f e c t i v e  height  of the f i e l d  sampling 
antenna which w a s  employed i n  the determination of the f i e l d  s t rength  
( lElhe = v o l t s )  
qu i te  reasonable f o r  the theo re t i ca l  engineering design of t h i s  type . 
An est imate  of r ad ia t ion  r e s i s t ance  can be made from (20) i f  the 
antenna base vol tage i s  known, and the rad ia ted  power is assumed t o  be 
P =I Rr and Io - I f  the measured f i e l d  s t rength  i n t e n s i t y  i s  
now t ransfered  t o  the reference d is tance  of one m i l e  using (2) where 
from Table 2,  A = 0.99, then 
* 
However, the e r r o r  i n  the Fairhope-Auburn path is 
2 Vb 
r o  *A 
i 
i 
The sky  wave i s  assumed negl ig ib le  i n  the ca l cu la t ion  of (90). For 
f u l l  t ransmi t te r  power input t o  the antenna, Vb 
hence 
17kV and CA e 5200 p f ,  
10 mQ Rr Fairhope 
i 
which is  s l i g h t l y  less than the 16 mil predicted.  The e f f e c t i v e  rad ia-  
t i on  r e s i s t ance  of the Gold H i l l  antenna i s  l e s s  by a f ac to r  of the 
square of the r a t i o  of the two f i e l d  s t rengths  (about 1 m Q ) .  
over -a l l  system ef fec ienc ies  can a l s o  be estimated on the bas i s  of 
(39), i . e . ,  
The 
2 
2 
2 
= R r  = vb Rr 
100% . 100% P r  rl = - 100% 
Pin P in  XA Pin 
*Private conversation: D r .  S. N. W i t t ,  RMS, Inc . ,  At lanta ,  Georgia. 
1 
Thus , 
N 0.01% 
'Gold H i l l  
and , 
'* 0.082% 
'Fairhope 
17kV, Pin = 2kW. The e f f i c i e n c i e s  are an where C 
order of magnitude lower than the predicted values  which ind ica tes  
higher e f f ec t ive  lasses. However, these  losses  may include other  
e f f e c t s  besides the r e s i s t i v e  components, such as the antenna 
r ad ia t ion  pa t t e rn  e f f e c t s .  
A ' 5200 p f y  'b ' 
The e f f i c i ency  can a l s o  be calculated 
from the determined 
I 
(1 
'Gold H i l l  
' >  
i 
3 
1 
1 
J 
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(93) 
(94) 
and 
' '(10 
Fairhope 
These values  a re  of 
values  of Rr,  RI, and R from (40); hence, g 
x 10-3/17 -i- 2.5 -k 0.001) x 100% 0.0051% (95) 
x 10'3/16 + 2.3 f 0.01) x 100% 2' 0.0543% - (96) 
about the same order of magnitude as those values  
of (93) and (94). 
The d iu rna l  phase va r i a t ions  of these propagation paths 
have been observed and recorded several times recent ly  f o r  
the so l e  purpose of es t imat ing the in te r fe rence  between the  sky 
wave and the ground wave. I n  Figure (36), a typ ica l  morning and n igh t  
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Fig. 36. --Diurnal phase variat ions (night and mmning), 
3 May 1968 for Fairhope-to-Auburn transmission 
(up-path). 
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d iurna l  phase change fo r  the "up-path" i s  presented. 
d i f f i c u l t  t o  estimate the t o t a l  phase from the morning change i n  phase 
because of the "Over-shoot" and the probable d r i f t  between the phase 
reference ( t h i s  i s  an "open-loop" measurement). This overshoot 
phenomenon i s  qui te  pronounced i f  transmission occurs along the sun- 
r i s e  l i n e ,  and, as  y e t ,  i t  i s  not f u l l y  explained. Howeveq a compari- 
son of the  slopes of the phases curves (see dotted l i n e s  i n  Fig. 36) 
before and a f t e r  sunset ind ica tes  approximately a 1.5 p s  phase s h i f t .  
This measured phase change compares qui te  favorably with the maximum 
phase s h i f t  of 1 ps predicted from ( 6 3 ) .  
It i s  very 
* 
Extensive measurements of the atmospheric noise  power dens i t i e s  
a t  the two s t a t ions  have not been made i n  the course of t h i s  work. 
Some samples of e f f ec t ive  noise f i e l d  s t rengths  have been made, how- 
ever,  during winter and spring 
(noise bandwidth 5' 10 Hz). 
21.9 kHz with a standard broadband whip antenna a t  the Auburn Control 
Stat ion.  The average value of the  rms noise l eve l  i n  a 1 kHz noise  
bandwidth var ied between 3mV/m t o  1OmV/m (72 t o  80 db above IpV/rn at 
1 kHz bandwidth). This i s  approximately 10 decibels  above the l e v e l  
predicted 
The cont ro l  s t a t i o n  i s  located i n  the Text i le  Building on the Auburn 
University Campus, which i s  surrounded by a small, densely-populated, 
town. The man-made noise  from t h i s  environment i s  most l i k e l y  the 
f ac to r  c rea t ing  a large background noise l eve l  a t  t h i s  frequency. Noise 
of 1968 employing a tuned voltmeter 
Measurements were made on a frequency of 
and i s  possibly a r e s u l t  of the control  s t a t i o n  locat ion.  
*Private Conversation: D .  D. Crombie, Head, ELF - VLF Lab, NBS, 
Boulder, Colorado. 
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peaks as  high as  450 mV/m t o  600 mV/m have been observed during loca l  
thunderstorm a c t i v i t y ;  however, normal peak values a r e  on the  order of 
60 mv/m or l e s s .  
the over -a l l  signal-to-noise r a t i o .  The reduction i n  SNR leads t o  more 
uncertainty of the ac tua l  s igna l  phase, and the accuracy of the phase 
This increase i n  ambient noise l eve l s  d i r e c t l y  reduces 
measured i s  reduced by an appropriate fac tor .  I n  the  case of a 10 db 
increase i n  noise ,  the rms phase e r r o r  due t o  atmospheric noise 
(assumed equal a t  both locat ions)  i s  increased (10) % , and hence, 
from (80). Hence, from (78) and (79) 
8 3.05O 
t 
This corresponds t o  an accuracy of about 1 p a r t  i n  120. 
A technique f o r  continuously monitoring the SNR of the VLF phase 
s t a b i l i t y  measurements has been developed t o  ind ica te  the r e l a t i v e  prec i -  
s ion of the phase comparison. The technique (See Appendix B) i s  based on a 
computer-aided measurement of SNR using a t ime-interval meter or counter. 
The t i m e  i n t e rva l  meter i s  used t o  present a d i g i t a l  output r e l a t ed  t o  
the s igna l  period. This ac tua l  period count contains the SNR information. 
Hence, the period da ta  can be recorded simultaneously with the phase 
data ,  and the SNRcan be calculated on an almost continuous basis  as  
the phase da ta  i s  analyzed. The signal-to-noise r a t i o  measured f o r  the 
reference rece iver  a t  the cont ro l  s t a t i o n  (20.9 kHz from Gold  H i l l )  i s  
121 
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SNR = 76.8 db (99) 
which corresponds t o  an nns phase j i t t e r  of l e s s  than0.49 degrees. 
SNR of the "up-path" from Fairhope employing t h i s  technique i s  
The 
SNR = 69.9 db 
which corresponds t o  a phase e r r o r  of 0.72 degrees. 
The phase s t a b i l i t y  study system was designed s o  t h a t  commercially 
ava i lab le  equipment could be employed as funct ional  p a r t s  of the sys- 
t e m  i f  the equipment requirements and spec i f ica t ions  were compatible 
The basic  type of receiving equipment procured f o r  the  system 
RMS, Inc. Model 1320 VLF phase t racking rece iver  . These rece ivers  
a re  constructed with the very l a s t e s t  s t a t e -o f - the -a r t  technology 
employing e l ec t ron ic  phase control .  Many fea tures  of t h i s  receiver  
a re  advantageous when compared t o  the older  rece ivers  using mechanical 
phase cont ro l ;  bu t ,  there  a r e  two fea tures  t h a t  a r e  most important 
t o  t h i s  system. These a r e  (1) s e n s i t i v i t y  (an increase of a f ac to r  
of 10) and (2) va r i ab le  e f f ec t ive  bandwidths (.002 Hz t o  .007 Hz 
a t  20 kHz). The corresponding cont ro l  system time constants ,  T, a r e  
33 seconds and 2 seconds, respect ively.  The upper cut-off  frequency 
response (f,) due t o  phase va r i a t ions  i s  
was the 
0 . 3  cycles/min < f c  < 4.8 cycles/min 
B D 
1 
_j 122 
where f c  = 1 /2 . r r~ .  These frequency responses a re  qui te  adequate f o r  
t h i s  study s ince the h ighes t  frequency component of the phase v a r i a t i o n  
even considered i n  the study i s  on the order of 0.16 cycleslmin. How- 
ever ,  the over-al l  system response i s  r e l a t ed  t o  the response t i m e s  of 
a l l  four receivers .  
the system can be obtained from 
An estimate of the t o t a l  t i m e  constant,  T t ,  of 
where T 
phase-lock i s  assumed t o  be continuous (no loss of a cycle  or  mult iple  
thereof during a phase change). It is  qui te  evident t h a t  the reference 
receivers  should be operated a t  the f a s t e s t  tracking r a t e s  ( la rger  
bandwidth), s o  t h a t  the over-al l  response time (small t i m e  constant)  
can be as  rapid as  possible.  
from (102), 
i s  the response t i m e  constant of the  nth receiver ,  and the n 
Thus, i f  TI = a2 > > T ~ ,  aqY then, 
T t  = (2)%Tl 
and the t i m e  constant and the  cut-off frequency a re  a l t e r ed  by a f ac to r  
(2)%. Hence, the over-system cut-off frequency i s  
f c  = 0.212 cycles/min (104) 
f o r  T ~ , T ~  = 33 sec and T ~ ~ T ~  = 2 sec. The system response under these 
I 
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conditions i s  v i r t u a l l y  independent of the reference receiver  t i m e  
responses. The response of the over-al l  phase study system operating 
i n  a closed-loop mode i s  shown i n  Fig. 37 f o r  a s t ep  change i n  phase. 
The t o t a l  response t ime  t f o r  t h i s  s t ep  of phase change i s  approximately 
200seconds which i s  somewhat longer than the predicted t i m e  of (104) 
where tt ??: 0.35/f& e (99 sec.). 
t 
A view of the Auburn Control S ta t ion  showing the rece ivers ,  
frequency standard or  reference,  and the data  acquis i t ion  system is 
presented i n  Fig. 3 8 .  A s  i s  indicated i n  Fig. 3, an output s igna l  
from the reference rece iver ,  which i s  phase coherent with the  received 
s igna l  of the reference rece iver ,  i s  employed as the reference f o r  a 
second phase comparison receiver .  Consequently, i f  both receivers  a re  
tuned t o  the  same s igna l  frequency, the  phase e r r o r  sensed i n  the 
second receiver  i s  e s s e n t i a l l y  zero because both the input and reference 
s igna ls  a r e  i n  phase as a r e s u l t  of the phase coherence maintajtned 
i n  the reference receiver .  This technique i s  employed t o  test  the 
accuracy of the receiver-reference combination fo r  long term s t a b i l i t y .  
A t yp ica l  t e s t  curve i s  presented i n  Fig. 39. The curve ind ica tes  a 
possible  1 ps e r r o r  Over the long-term measurement; however, t h i s  
e r r o r  i s  a r e s u l t  of the long term s t a b i l i t y  of the  recorder. 
A summary of the measured parameters a r e  presented i n  Table 6 
together with the design parameters. 
14 1 124 
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Fig .  37--Respanse cf Closed-loop System to a Step Change in 
Phase. 
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Frequency Receivers and Data Acquisit ion 
Standard Record e r sys tern 
Fig. 38--Auburn control s t a t i o n  f o r  VLF 
phase s t a t i l i t y  study system. 
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TABLE 6 
I 
a t  
4 
MEASURED PARAMETERS FOR PHASE STABILITY STUDY SYSTEM 
Quanti ty  Fa i rh  op e Gold H i l l  
C (S ta t ic )  5200 pf 5160 pf 
C (Operating) 5830 pf 5812 pf 
Q (Antenna) 545 525 
46 
A 
A 
L 9.9 mH 10.82 mH 
Q (Helix) "85 "84 
t 
16R 1 7 R  RI 
R 10 m!2 1m 
R 2.30 2.5Q 
B "550 Hz 2543 Hz 
/Et I 10.5 pV/m 3 . 3  pV/m 
7 0.082% 0.01% 
r 
g 
SNR (Control) 69.9db @ -3 76.8db @ 
B= 2x10 Hz B= 7x10m2 Hz 
t (Control) 200 sec (system response time) 
* 
This  value includes a l l  s t r a y  capacitance.  
V. CONCLUSIONS 
4 ‘  
This study has presented the basic  theo re t i ca l  design considera- 
t ions f o r  any VLF communications system f o r  propagation over shor t  
dis tances .  Using t h i s  basic  design information, the propagation 
problem re l a t ed  t o  the described VLF transponder system f o r  a 200 m i  
path i s  analyzed and design parameters a re  spec i f ied  i n  Table 5.  The 
engineering design of t h i s  system w a s  implemented and tes ted  during 
the years 1967 and 1968. The experimental r e s u l t s  obtained from the 
implemented system a r e  presented i n  Table 6. 
These experimental r e s u l t s  compare qu i t e  favorably with the pre- 
dicted values i n  most cases.  The l a r g e s t  d i f fe rence  appears i n  the 
predicted values of tuning c o i l  Q ’ s  (1000 compared t o  525) and i n  the 
value of ground res i s tances  (2.3Q compared t o  0.35Q). Both of these 
e r r o r s ,  of course, reduce the e f f i c i ency  somewhat; hovever, a possible  
over -a l l  l o s s  i n  radiated power due t o  d i f fe rences  i n  design and 
ac tua l  system parameters had been an t i c ipa t ed ,  and the spec i f ied  t r ans -  
mi t t e r  power output i s  s u f f i c i e n t  t o  r ad ia t e  1 w a t t  ERP. 
The design of the antenna s t ruc tu res  w a s  most s a t i s f ac to ry .  The 
sca le  model study and the theo re t i ca l ly  calculated values f o r  the antenna 
s t ruc tu re  ind ica te  t h a t  a 20 per cent  increase i n  capacitance can be 
obtained with r i b  diameter increase of 1:18. 
obtained (5200 pf) ind ica tes  t h a t  a 24 per cent increase i n  t o t a l  capacitance 
The capacitance ac tua l ly  
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can be obtained f o r  such a 300 f t  s t r u c t u r e  employing the 
multiple-wire construct ion.  This multiple-wire type construct ion can 
thus be used t o  considerable advantage t o  increase the e f f e c t i v e  antenna 
height  of such s t ruc tu res  with a sho r t e r  r i b  length and/or the t o t a l  
capacitance can be increased f o r  a given antenna configuration. The 
antenna r ad ia t ion  res i s tance  of the Fairhope antenna i s  of the same 
order of magnitude as t h a t  predicted.  The r ad ia t ion  res i s tance  of the 
Gold H i l l  antenna is  somewhat lower and t h i s  may be a r e s u l t  of the l o c a l  
conductivity.  
The measurement of s ignal- to-noise  i s  one very important aspect  
of es tab l i sh ing  the performance c h a r a c t e r i s t i c s  of t h i s  propagation 
system. The technique presented here ,  which uses a time in t e rva l  counter 
i n  conjunction with a d i g i t a l  computer, can determine system SNR's 
accurately a t  the same time as  the phase data is  being analyzed, Thus, 
the SNR can be monitored rm a long-term bas is  almost continuously. 
The r e s u l t s  of a s ignal- to-noise  measurement a t  the n o i s i e s t  time of 
day using t h i s  technique (see (99) and (100)) ind ica tes  t h a t  a system 
accuracy of about 1 pa r t  i n  190 can be obtained f o r  the spec i f ied  
equipment e r r o r  i f  the SNR a t  both loca t ions  a r e  equal.  
i s  s l i g h t l y  b e t t e r  than t h a t  determined from a cursory measurement of 
rms ambient noise  a s  spec i f ied  i n  (97) and (98). 
This r e s u l t  
The closed-loop operation of t h i s  system with f u l l  power output 
was obtained only recent ly .  This mode of operation had been hindered 
as a r e s u l t  of the in te r fe rence  of the t ransmi t te r  s igna l  a t  21.9 kHz 
and the received s igna l  a t  20.9 kHz. This, of course,  i s  a d i r e c t  
i 
*J 
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r e s u l t  of the la rge  difference i n  power l eve l s ,  and the c lose  spacing 
i n  operating frequencies (1 kHz) which is  required t o  minimize d ispers ive  
e f f e c t s  i n  the propagation media. A cascaded band-pass and notch f i l t e r  
has been used t o  minimize t h i s  problem so t h a t  a closed-loop mode of 
operation can be obtained. 
recording f o r  the closed-loop transponder system i s  shown i n  Fig.  40a. 
It is  in t e re s t ing  t o  note  t h a t  the composite phase p l o t  does not  have 
a d e f i n i t e  slope l i k e  t h a t  of the reference phase, s ince there  is  no 
frequency e r r o r  and, thus,  no "ramp-type" accumulated phase. The jump 
i n  reference phase of about 7 ps appears t o  be a r e s u l t  of the Gold H i l l  
frequency standard or  the frequency synthesizer  because i t  does not  
appear i n  the t o t a l  phase response and, thus,  it w a s  canceled by the 
reference receiver  i n  the over -a l l  phase p lo t .  The t o t a l  d iurna l  phase 
va r i a t ion  f o r  the closed-loop appears t o  be about double t h a t  of the 
one-way path (3ps) and a d e f i n i t e  change i n  the s lope of the phase 
data  is indicated before and a f t e r  sunset.  The phase p l o t  a l s o  exh ib i t s  
the "noisy" c h a r a c t e r i s t i c  appearance of n ight  time VLF propagation 
a f t e r  sunset  (about 8 : 3 0  pm, CDT). Fig. 40b shows the one-way phase 
va r i a t ion  measured simultaneously a t  the Fairhope transponder s t a t i o n  
with t h a t  data  of Fig.  40a. The c a l i b r a t i o n  of the ac tua l  phase i s  only 
approximate, but the p l o t  does ind ica t e  the r e l a t i v e  change i n  d iurna l  
phase as previously indicated.  It is  a l s o  in t e re s t ing  t o  note again 
t h a t  the closed-loop system has a response t i m e  of about 200 see f o r  
a s t ep  change i n  phase (Gold H i l l  Transmitter) of 1 2  psec; t h i s  compares 
favorably with the 99 sec response time predicted.  
A t yp ica l  p l o t  of the phase comparison 
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The ac tua l  values of the design parameters obtained here a r e  not  
exact ,  as i s  c h a r a c t e r i s t i c  of any engineering design, p a r t i c u l a r l y  
propagation s tud ie s .  Even the system i t s e l f ,  of course, i s  t o  be 
employed t o  study s t a t i s t i c a l l y  the phase s s a b i l i t y  of propagation over 
t h i s  path because the phase c h a r a c t e r i s t i c s  a r e  va r i ab le  and, hence, 
cannot be determined prec ise ly .  Even so,  the aver -a l l  r e s u l t s  compared 
qu i t e  s a t i s f a c t o r i l y ,  and t h i s  completed system represents  a unique 
too l  f o r  the study of VLF propagation aver shor t  d i s tances .  
LIST OF REFERENCES 
1 
i 
I 
? 
REFERENCXS 
1. Graf,  E.  R., Smith, C. E., McDevitt, F. R. and Sims,  R. J., "A 
New Method f o r  High Accuracy Predic t ion  of Sunspot Act iv i ty  as 
an Aid i n  Deep Space Communication," IEEE Region I11 Conv. Record, 
21.5.1 (1968). 
2. Davies, K., Ionospheric Radio Propagation; Washington, D. C.: 
U. S. Govt. P r i n t .  Off ice ,  (1965). 
3. Pierce,  J. A. Mi tche l l ,  H. T . ,  and Essen L., "World-Wide Frequency 
and Time Comparison by Means of Radio Transmissions," Nature, 
174, 922 (1954). 
4. Morgan, A. H., "Distr ibut ion of Standard Frequency and Time  
Signals ,  "Proc. IEEE, 55, 827(1967). 
5. Casselman, C. J., Heritage,  D. P. and Tibbals,  M. L., "YLF Propagation 
Measurements f o r  the Radux-Omega Navigation System," Proc. IEEE, 
47, 829 (1959). 
6. Reder, F. H.,  Winkler, G. M. R. ,  and Bichart ,  C. ,  "Results of a 
Long-Range Clock Synchronization Experiment," Proc. IEEE, 49, 
1028 (1961). 
7. Hopkins, H. G., and Reynolds, L. G. ,  "An Experimental Inves t iga t ion  
of Short-Distance Ionospheric Propagation a t  Low and Very Low 
Frequencies," Conv. IEE Record, Radio Section, 2 1  (1953). 
8. Bain, W .  C., et A, "The Ionospheric Propagation of Radio Waves 
of Frequency 16 K c / s  over Distances of About 540 KM," E, London, 
England, Monogram 37 (1952). 
9. Bracewell, R. N., e t  a L ,  "The Ionospheric Propagation of Low- 
and Very-Low Frequency Radio Waves over Distances l e s s  than 
1000 KM," - Proc. g, 98, 221  (1951). 
10. S t raker ,  T. W . ,  "The Ionospheric Reflect ion of Radio Waves of 
Frequency 16 KC/s over Short Distances," Proc. IEE, 102C, 
396 (1955). 
11. Bracewell, R. N . ,  "The Ionospheric Propagation of Radio Waves of 
Frequency 16 kc/s  Over Distances of about 200 KM,"=, London, 
England , Monogram 34R (1952). 
135 
" I  
4 
136 
i 
12. Jordan, E. C. , Electromagnetic Waves and Radiating Systems. 
Englewood C l i f f s ,  N. J.; Prentice-Hall ,  Inc. (1950). 
13. T. M. Lowe, Jr. and Associates,  Inc. ,  Land Survey of Antennas 
Pos i t ions  Baldwin and Lee County, Alabama, (Atlanta,  Ga.,1966). 
14. Budden, K. G. , Wave-Guide Mode Theory of Wave Propagation, 
Logos Press  (1961). I 
15. Wait, J. R. ,  "The Mode Theory of VLF Ionospheric Propagation 
f o r  F i n i t e  Ground Conductivity,"Proc. IEEE, 45, 760 (1957). 
16. P ie rce ,  J. A.,  " In te rcont inenta l  Frequency Comparison by Very 
Low Frequency Radio Transmissions, "Proc. -- IEEE, 45, 798 (1957). 
17.  Belrose, J. S., e t  al.,"The Engineering of Communications Systems 
f o r  Low Radio Frequencies,"Proc. IEEE, 47, 661 (1959). 
18. Watt, A .  D. VLF Radio Engineering .New York, N.Y.; Permagon 
Press  (1967). 
19. Watt, A. D . ,  and Plush, R. W .  "Power Requirements and Choice of 
an Opt imum Frequency f o r  a World-wide Standard-Frequency Broad- 
cas t ing  S ta t ion ,"  Journal Res. NBS, 63D, 35 (1959). 
20. Graf, E .  R. and Smith, C. E., "An Inves t iga t ion  of the Design 
Cr i t e r ion  f o r  a Phase S t a b i l i t y  Study System of VLF Propagation 
aver Short Distances," Auburn University,  Auburn, Ala., NAS8-5231 
Rept. 9 (December 1965). 
21. Norton, K. A. "The Calculat ion of Ground-Wave f i e l d  In t ens i ty  over 
a F ine te ly  Conducting Spherical  Earth," Proc. IEEE, 26, 623 (1941). 
22. Wait, J. R.,  "Diffract ive Corrections t o  the Geometrical Optics 
of Low Frequency Propagationi'NBS, Boulder, Colo,, Rep.-5572 
(1958). 
23. Skolnik, M. I., Introduct ion t o  Radar SystemstNew York, N. Y.; 
M c G r a w - H i l l  Book Go. (1963). 
24.  Brown, G. H., '%round Systems as a Factor  i n  Antenna Eff ic iency,"  
Proc. IEEE, 25, 753 (1937). -
25. Kraus, J. D. Antennas, New York, N. Y.; McGraw-Hill Book Co. (1950). 
26. Wait, J. R. ,  and Pope, W .  A. "Input Resistance of L. F. Unipole 
Antennas ,I1 Wireless Engr., 32, 366 (1963). 
27. Abbott, F. R.,  "Design of Optimum Buried-Conductor RF  Ground 
Systems," -- Proc. IEEE 40, 846 (1952). 
13 7 
7 
! 
I .' 
28. Smith, C. E.  and Johnson, E. M. ,  "Performance of Short Antennas," 
Proc. -- IEEE, 35, 1026 (1947). 
29. Smeby, L. 'C. , "Short Antenna Characterist ics-Theoretical ," 
- -  Proc. IEEE, 37, 1185 (1949). 
30. Walter, J. C., "Very-Low-Frequency Antennas are Going Back t o  
Work," Elec t ronics ,  38, 80 (1965). 
31. Gangi, A. F. ,  e t  a l .  ,"The Charac te r i s t i c s  of E l e c t r i c a l l y  Short ,  
Umbrella Top-Loaded Antennas," IEEE Trans. Ap, 13, 864 (1965). 
32. J a s ik ,  H., Antenna Engineering Handbook. New York, N. Y.; 
McGraw-Hill Book Co. (1961). 
33. Wait, J. R. and Conda, A. M.,  "Pattern of an Antenna on a Curved 
Lossy Surface," IEEE Trans. AP, 6, 348 (1958). 
34. Norton, K. A. "Transmission Loss i n  Radio Propagation-11," 
NBS, Boulder, Colo. , Tech. Note-12 (1959). 
35. Wait, J. R., Electromagnetic Waves i n  a S t r a t i f i e d  Media, 
New York, N. Y. ; Pennagon Press (1962). 
36. Austin, L. W .  , "Sane Quantative Experiments i n  Long-Distance Radio 
Telegraphy," - - -  J. Res .  NBS,  7 ,  315(1911). 
37. Terman, F. E. Radio Engineers Handbook- New York., N. Y.; McGraw 
H i l l  Book Co. (1943). 
38. Butterworth, S. "Effective Resistance of Inductance Coils a t  
Radio Frequencies,"Exp. Wireless and Wireless Engineering,3, 
203 (1926). 
39. Norton, K. A . ,  Shultz,  E. L . ,  and Yarbourgh, H. ,  "The Probabi l i ty  
Di s t r ibu t ion  of the  Phase of t h e  Resultant Vector Sum of a 
Constant Vector Plus a Rayleigh 
- Phys., 23, 137 (1952). 
Dis t r ibu ted  Vector", J. Appl .  
40. Schwartz, M. Information Transmission, Modulation, and Noise. 
New York, N. Y. ; McGraw-Hill Book Coo (1959). 
41. Rice, S. O., " S t a t i s t i c a l  Proper t ies  of a Sine Wave Plus Random 
Noise," B e l l  Sys. T. J . ,  27, 138 (1948). 
42. General Radio Company, "Input Noise, I ts  Influence on Counter and 
Pulse-Generator Performance and I t s  Measurement," _The Experimenter 
40, 3, (1966). 
A PEN3 ICES 
Symbol 
A 
i 
I 
! 
, . i  
A 
P 
*,S 
a 
c f 
CAe 
*m 
D 
d 
f 
€0 
APPENDIX A 
L i s t  of Symbols 
Usual Units 
ground wave a t tenuat ion  f ac to r  
peak amplitude of a s inusoidal  vol tage s igna l  
- 
V 
V Ap rms value of 
antenna physical he ight  f t  
t e r r a i n  cutback-factor - 
equivalent antenna capacitance I Pf 
ionospheric Convergence f ac to r  - 
distance t o  ex t remi t ies  of umbrella 
antenna support wires 
f t  
f t  v e r t i c a l  dis tance from top of umbrella 
antenna t o  in su la to r  
f t  diameter of c o i l  
t o t a l  e l e c t r i c  f i e l d  s t rength  v /m 
V /m 
magnitude of the  mth sky wave e l e c t r i c  v /m 
time dependent e l e c t r i c  f i e l d  vlm 
magnitude of unattenuated f i e l d  s t rength  
from a v e r t i c a l  r ad ia to r  (3 1 m 
frequency 
frequency a t  which a monopole antenna i s  
x / 4  i n  length 
magnitude of ground wave e l e c t r i c  f i e l d  
mv /m 
HZ 
HZ 
139 
140 
Svmbol 
f C 
F 
Be f i n i t  ion 
cut-off  frequency ( 3  db) 
Usual u n i t s  
Hz 
magnitude f ac to r  i n  c o i l  ca lcu la t ion  
normalized vol tage gain of an antenna 
radian height  of an antenna radians G 
angular height  of an antenna h degrees 
km 
km 
hi 
he 
ig 
IO 
height  of ionosphere 
e f f ec t ive  height  of an antenna 
angle of incidence a t  ear th’s  surface degrees 
amperes 
m i  
antenna current  
propagation dis tance measured along 
the ea r th ‘ s  surface 
t h  propagation dis tance of the Fsky wave 
L 
g 
m i  
- 
! 
i 
i 
Lt launching lo s s  
log t o  base 10 
log t o  base E - 
henry 
f t  
km 
L inductance 
length of c o i l  
l ayer  gradient  sca le  f ac to r  (conductivity 
change of a 2 .71  r a t io )  
R 16 r, 
I 
. ,.i 
9 
3 changing v e r t i c a l  moment on an antenna M amp m 
- 
- 
N number of r i b s  
numerical constant 
number of c o i l  turns  
n 
t n 
’r radiated power W 
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Symbol 
i 
P 
pG 
pW 
’e 
X 
P 
Q 
r 
R 
RI 
Rg 
RA 
Rac 
Rdc 
RAe 
R 
gll 
Rm 
I1 R l l  
rl 
r2  
S 
t 
T 
t 
De f i n i  t i o n  
t o t a l  input power t o  system 
t o t a l  power lo s s  i n  ground 
power lo s s  i n  wires 
power lo s s  i n  ground adjacent t o  wires 
power lo s s  i n  ground beyond wires 
qua l i t y  f ac to r  
l o s s  r e s  i s  tance 
r ad ia t ion  res i s tance  
inductor l o s s  res i s tance  
ground los s  res i s tance  
antenna s t r u c t u r a l  loss  res i s tance  
ac r e s  i s  tance 
dc r e s i s t ance  
e f f ec t ive  shunt res i s tance  
ground r e f l e c t i o n  coe f f i c i en t  
composite ionospheric r e f l e c t i o n  coe f f i c i en t  
ionospheric r e f l ec t ion  coe f f i c i en t  i n  the 
plane incident  
antenna tower radius  
umbrella r i b  radius  
turns  spacing f o r  c o i l s  
t o t a l  system time response 
fundamental period of a sinusoid 
of frequency f 
Usual un i t s  
W 
W 
W 
- 
R 
ml;2 
R 
R 
R 
R 
R 
- 
f t  
i n  
i n  
S 
S 
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Symbol 
V 
0 
vb 
vt 
W 
xA 
5 
Z 
B 
aAP 
AT 
at 
6 @m 
6 t  
'a 
'r 
€0 
0 
$1 
h 
0 
A 
7 
Defini t ion 
ve loc i ty  of l i g h t  i s  f r ee  space 
antenna base vol tage 
vol tage between c o i l  turns  
power input  t o  antenna 
capaci t ive reactance of antenna 
inductive reactance 
antenna input impedance 
free-space propagation constant 
amplitude change i n  A 
d i f f e r e n t i a l  period increment 
d i f f e r e n t i a l  time increment 
rms phase e r r o r  
rms mechanical e r r o r  
rms time e r r o r  
pe rmi t t i v i ty  
r e l a t i v e  pe rmi t t i v i ty  
pe rmi t t i v i ty  of f r ee  space 
90-i  
angular dis tance 
wavelength 
f r ee  space wavelength 
e f f i c  iency 
conductivity 
P 
g 
Usual u n i t s  
m l  s 
kV 
V 
W 
R 
R 
R 
radians /m 
V 
S 
S 
radians 
radians 
S 
farads /m 
- 
farads /m 
degrees 
radians 
m 
m 
percent 
mho/m 
14 3 
" T  
i 
i 
T 
z 
t 
T 
n 
'I 
' 
A 
@d 
' s  ,m 
'P 
Descript ion 
time constant  
composite time constant 
n- time constant  
t h  
ground wave phase 
antenna cur ren t  phase 
ground antenuation f a c t o r  phase 
d iurna l  phase s h i f t  
sky wave phase 
phase of ionoshperic r e f l e c t i o n  
coe f f i c i en t  
phase of a s inusoid 
angle of incidence a t  the ionosphere 
Usual u n i t s  
S 
S 
S 
degrees 
degrees 
degrees 
degrees 
degrees 
degrees 
degrees 
degrees 
APPENDIX B 
A COMPUTER-AIDED MEASUREMENT OF SNR 
EMPLOYING A TIME INTERVAL COUNTER 
The accuracy of any phase measurement of a s inusoid,  as w e l l  as 
the u l t i m a t e  s e n s i t i v i t y  of any communication system, is  l imited by the 
noise  present  wi th in  the bandwidth of the over -a l l  system. This noise  
manifests i t s e l f  by varying the parameters of the observed s igna ls  both 
in  e f f ec t ive  amplitude and phase. Consequently, the ex t rac t ion  of in-  
formation from t h i s  combination of s igna l  and noise  i s  l imited by the 
uncertainty of the s igna l  parameters. The theo re t i ca l  descr ip t ion  of 
a s inusoid,  plus  random noise ,  f o r  both phase measurements and communica- 
t ions  appl ica t ions  can be obtained from various approximate and completely 
s t a t i s t i c a l  techniques. 39-41 These descr ip t ions  of t h i s  problem r e l a t e  
the desired s igna l  parameters i n  terms of the ex i s t ing  s ignal- to-noise  
r a t i o s  (SNR). 
For a b r i e f  review of the s ignal- to-noise  problem, consider the 
simple geometric re la t ionships  between the s igna l  and the s t a t i s t i c a l  
parameters of the added noise  as shown i n  Fig.  8. It can be shown tha t  
the root-mean-square (rms) e r r o r s  of the s igna l  parameters can be ex- 
pressed by re la t ionships  between the known s igna l  parameters and the 
ex i s t ing  SNR. A very simple technique t o  obtain these re la t ionships  
i s  described by Skolink as applied t o  radar  appl icat ions f o r  la rge  
23 
F 144 
145 
i 
SNR. I f  a noise  component i s  introduced i n  the transmission system with 
a monochromatic s inusoid,  as shown i n  Fig.  8, then the apparent amplitude 
is  increased a b w e  the a c t u a l  value by an amount AA = n ( t ) .  I f  the 
e r r o r  i n  the time a t  the zero-axis corss ing as a r e s u l t  of the added 
noise is  now considered, then, from Fig. 8, 
P 
n ( t )  
zero-crossing s lope At = 
Therefore, the rms time e r r o r  can be expressed as 
2 %  where (n( t )  ) i s  the rms value of the noise ,  the zero crossing slope 
i s  j u s t  the s lope of the s inusoid f o r  t = 0 o r  A cucoscutlt - 
the s inusoid amplitude, and cu i s  the radian frequency of the sinusoid.  
A i s  P - 0' p 
This e f f e c t i v e  t i m e  change i s  a r e s u l t  of the a r i thmet ic  summation 
of the s igna l  and noise  which changes the ac tua l  zero-crossing of the 
waveform. The m s  e r r o r  of the period T, which is  the t i m e  between 
two successive zero crossings,  can e a s i l y  be obtained i f  the two zero- 
crossing measurements a re  independent. I f  t h i s  assumption i s  v a l i d ,  
then the rms period e r r o r  6 T  i s  j u s t  2 mul t ip l ied  by the square root  
of the sum of the squares of the  rms time e r r o r ,  o r  5T = (2)%5t i n  
t h i s  case.  The rms period e r r o r  i s ,  from (106) 
% 
146 
or  
4) 
i 
"J 
i 
1 
.... 1 
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2 - 7 5  where T = l / f  and SNR i s  power s ignal- to-noise  r a t i o ,  (A /n( t )  ) = 
P 
( 2SNR) 5 . Thus, the SNR can be obtained from (108) i n  terms of the 
rms period e r r o r  as 
2 
SNR = (T/26T) (lO9j 
The v a l i d i t y  of t h i s  expression holds only f o r  the basic  model where 
large SNR'S and independent zero crossings a r e  assumed. 
The equations f o r  both the rms time and phase e r r o r s  have been 
widely used i n  the aerospace and radar  f i e l d s  t o  p red ic t  the accuracy 
of range measurements from known SNR'S. However, as indicated i n  ( l o g ) ,  
i t  is evident  t h a t  the S N R  can be spec i f ied  completely from the 
measurement of the period o r  frequency of the s i g n a l  and the determina- 
t ion  of the rms period e r r o r .  I n  many cases, the absolute  period of 
the s igna l  i s  a p r i o r i  information; and, thus,  the determination of 
the rms e r r o r  i n  the period i s  a l l  t h a t  i s  required t o  specify the 
SNR f o r  a given operating condi t ion.  This r e s u l t  i s  qu i t e  important 
s ince  i t  means t h a t  the SNR can be determined from a s ing le  ca lcu la t ion  
of the rms period e r r o r  f o r  a s t a t i s t i c a l  sample of period measurements. 
The rms period e r r o r  can be ca lcu la ted  from the mth period e r r o r  
7 1 147 
where T i s  the measured period and T is  the ac tua l  period of the 
s igna l .  For a la rge  number of the measured t i m e  e r r o r s  i n  the period 
of a monochromatic s inusoid plus  noise ,  the nus period e r r o r  can be 
m 
ca lcu la ted  from 
t h  
where n is the n measured period e r r o r  f o r  n = 1, 2 ,  3 ... K. The 
r e s u l t s  of (111) w i l l  approach the theo re t i ca l ly  derived s t a t i s t i c a l  
value f o r  la rge  values  of K, and the ex i s t ing  SNR can be ca lcu la ted  
from (109). 
A t i m e  i n t e r v a l  counter,  which has  a highly s t a b l e  c lock frequency, 
can be employed t o  measure the period o r  t i m e  lapsed between successive 
zero crossings of a monochromatic sinusoid plus  random noise .  From 
t h i s  measured period da ta ,  a simple d i g i t a l  computer program (or  
special ized computer) can be employed t o  ca lcu la te  the ex i s t ing  
SNR from ( l o g ) ,  (110), and (111). 
There a r e  two bas ic  e r r o r s  t h a t  could occur i n  the measurement. 
These a re  (1) uncertainty of the t r igger - leve l  a t  the zero-crossing 
poin t ,  and (2) per iod v a r i a t i o n s  introduced independently of the noise  
by the counter c lock and the a c t u a l  sinusoid.  The e r r o r  t introduced 
by the i n a b i l i t y  of a counter t o  t r i g g e r  the counting procedure a t  
the zero crossing is ,  from Fig.  41, 
42 
1 
14 8 
I 
I 
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I 
I . Triggering 
I Leve 1, 
1 - time uncer ta in ty ,  t 
Uncertainty 
F i g .  4 1  -- The e f f e c t s  of uncertainty in  t r i gge r  l eve l  on 
the SNR measurement. 
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where t 
t a i n t y ,  and el = ut 
crossing and the t r igger ing  poin t  A > t . The normalized period 
e r r o r  ern is from (112) 
is  time uncer ta in ty  of the per iod,  tu is t r i g g e r  level uncer- 
1 
the  angle between the input vol tage zero 
1' 
P U 
The e r r o r  introduced by t r i g g e r  uncertainty is  a funct ion of the r a t i o  
t u / A  Hence, t o  minimize 
t h i s  e r r o r ,  not  only must A > t , but the t r i g g e r  s e n s i t i v i t y  level 
must be maintained a t  a low l eve l  s o  the  cosei e 1 f o r  a l l  measurements. 
Actually,  the system is s o  sens i t i ve  t o  t h i s  type e r r o r  t ha t  the 
condition A 
t o  be obtained f o r  these two fac tors .  The t r igge r ing  l e v e l  uncertainty 
and inversely r e l a t e d  t o  the cosine of el. 
P 
p u  
> > tu must be es tab l i shed  i f  e r r o r  f r e e  measurements a re  
P 
e r ro r  may a l s o  be emplasized i f  the  t r i gge r - r e se t  levels are not  
es tab l i shed  around zero amplitude. This r e s u l t  i s  v a l i d  f o r  narrow- 
band systems, where the time rate-of-change of the s igna l  plus  noise  
can be considered approximately equal t o  t h a t  of the s igna l .  For wide 
bandwidths , the ac tua l  s lope wi th in  the t r igger ing  l e v e l  and zero- 
crossing region w i l l  determine the ul t imate  period e r r o r  of (112). 
I f  an e r r o r  E, i s  introduced i n  the  ac tua l  period measurement 
as  a r e s u l t  of period i n s t a b i l i t y  of the clock o r  the input s igna l ,  
then, the rms period e r r o r  6 T  is 
p" 
B 
i., 
1 
150 
or  
._.,I 
f o r  E 
e r r o r s  of the clock and s igna l  a r e  ac tua l ly  masked somewhat f o r  
the case where E << AT . However, i f  no added noise  i s  present ,  
(1 14) becomes 
<< ATn and n = 1, 2 ,  3 . . . K. Thus , the frequency o r  period n 
n n 
2 K 
1 
which determines the basic  l imi t ing  value f o r  measuring SNR with the 
system. 
Measurements of the period of a 1 kHz s igna l  on a one period bas is  
have been made f o r  known SNR's i n  a narrow-bandwidth system. Random 
noise  obtained from a General Radio Type 1390-B generator w a s  summed 
a f t e r  amplif icat ion with a 1 kHz s igna l  from a &ode and Schwarz 
frequency standard.  The a r i thmet ic  summation of s igna l s  w a s  processed 
through a narrow-band f i l t e r ,  and the s igna l  and noise  were measured 
independently with a t rue  rms voltmeter.  The per iod counts,  which 
were obtained with a Hewlett-Packard Model 2245 counter with t i m e -  
i n t e rva l  plug-in,  were recorded i n  d i g i t a l  form, and processed on a 
computer t o  ca l cu la t e  the s ignal- to-noise  r a t i o s .  The r a t i o  of peak 
s igna l  t o  s e n s i t i v i t y  o r  t r i g g e r  l e v e l  w a s  approximately 25 t o  1 f o r  
the measurements, whi-ch corresponds t o  an angle @ 
a f t e r  some experimentation tha t  a s e t  of 100 da ta  poin ts  (K = 100) 
of 2.3'. It w a s  found 
P 
15 1 
cons t i tu ted  a good s t a t i s t i c a l  sample f o r  the measurements described 
here.  Computer ca lcu la t ions  f o r  the measured SNR are presented i n  
Fig. 42. These r e s u l t s  ind ica te  t h a t  a very high degree of accuracy 
can be obtained i n  using a computer-aided technique employing a time 
in t e rva l  counter.  It i s  in t e re s t ing  t o  note t h a t  computed accuracy 
decreases above 60 db as the l imi t ing  system SNR, which is based on 
(116), i s  approached. 
This technique is ,  i n  general ,  l imited t o  the low frequency 
spectrum as  a r e s u l t  of the counter l imi t a t ions ;  however, frequency 
t r ans l a t ion  techniques may possibly be used t o  obta in  measured values  
of SNR a t  higher  frequencies.  
This technique w a s  developed t o  monitor the SNR f o r  t h i s  type 
of long-term phase s t a b i l i t y  propagation study. 
a r e  t o  be recorded on magnetic tape along with the phase information 
f o r  the propagation study. 
ment i s  then t o  be determined on an almost continuous bas is  as the 
phase da ta  i s  analyzed on a d i g i t a l  computer. 
The period measurements 
The r e l a t i v e  accuracy of the phase measure- 
70. 
60 
50. 
40. 
30 
20. 
10. 
0 
152 
J 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 0 -Experimental Data P 
/ 
/ 
/ 4/ 
/ 
Y 
/ 
/ 
/ 
/ 
/ 
I 1 I I I 1 I I 
0 10 20 30 40 50 60 70 80 
Actual Measured SNR in db 
Fig .  42 -- A c t u a l  versus  computed SNR 
